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Abstract

Surfaces are the interfaces between materials and the surrounding environment and, thus, play a
significant role in technological applications, ranging from catalysis to medical implants, electron-
ics, and fundamental studies. The properties of surfaces can be tailored by functionalising them
without affecting the bulk material, resulting in enhanced performances or new properties. Among
the many available options, the use of organic molecules for surface functionalisation offers unique
advantages. First, the functional groups of organic molecules can be engineered, allowing exquisite
control over their chemical, electronic, and optical properties down to the single-atom level. Ad-
ditionally, organic molecules can be stabilised by covalent bonds into polymers that are robust
against a wide variety of stimuli, such as heat, light, pressure, and chemicals, and thus suitable
for real-life applications. This thesis focuses on studying the growth of nanoscaled polymers on

surfaces through on-surface catalytic reactions and plasma polymerisation.

Plasma polymerisation is a technologically relevant process to coat surfaces with thin functional
films of organic molecules with a host of applications, ranging from biomaterials to energy materials.
The fundamental understanding of plasma polymerisation, however, lags behind its applications.
In particular, the role of the surface in the formation of the polymer is still underexplored. This
thesis investigates the effect of different surfaces on the formation of nitroxide-containing polymers
using a monomer with anti-microbial activity, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO),
employing surface-sensitive techniques such as atomic force microscopy (AFM) and X-ray photoe-
mission spectroscopy (XPS). The results reveal that, contrary to the widespread assumption of
surface independence, the chemical and morphological properties of the plasma polymers depend

on the surface in the early stages of plasma polymerisation. Finally, the anti-bacterial properties
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of TEMPO are investigated by showing that the use of TEMPO plasma polymers as a matrix to

host TEMPO molecules improves the performance.

One of the most studied on-surface polymerisation reactions, Ullmann coupling, is usually carried
out on noble metal surfaces that catalyse it. The intended applications for 1D and 2D surface
polymers typically require insulators or semiconductors as substrate materials. Developing a method
for polymerisation on insulators is, thus, essential. However, molecules sooner desorb from insulating
surfaces before the reaction can be thermally activated. This thesis investigates the use of atomic
quantum clusters (AQCs) as catalysts for Ullmann coupling on non-metal surfaces with AFM and
XPS. First, the AQCs are characterised and then their role as catalysts in the polymerisation of
halogenated porphyrin molecules on non-metal surfaces is investigated. Silver and copper AQCs
are found to catalyse the on-surface polymerisation. These results represent a major step towards

growing 2D polymers directly on technologically relevant surfaces, such as silicon wafers.
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Chapter 1

Introduction

Surfaces are the interfaces between materials and the surrounding environment and thus are ex-
tremely relevant to the performances and functionalities of materials. Surfaces play a significant
role in technological applications, ranging from catalysis to biocompatibility to electronics, and in
the fundamental understanding of the physical world. The striking difference between the proper-
ties of the bulk and the surface derives from the different energetic landscape of the atoms at the
topmost layer, resulting in completely new and fascinating physical and chemical phenomena. The
understanding and engineering of surfaces are inherently related to nanoscience and nanotechnol-
ogy as they are only a few nanometres thick, requiring specialised tools to probe materials at the
nanoscale. In particular, two of the most powerful tools for studying surfaces are scanning probe

microscopy (SPM) and X-ray photoemission spectroscopy (XPS), described in Chapter

Given the importance of the surface in the overall performance of a material, there is a signifi-
cant interest in enhancing the existing properties or adding new functionalities to it while retaining
the bulk properties. The use of organic molecules for functionalisation is driven by their versatility
as building blocks that can be tailored to allow exquisite control over their chemical, electronic, and
optical properties down to the single-atom level. Furthermore, coatings of organic molecules are
potentially biocompatible, enabling their use in biological settings, including the human body. Indi-
vidual organic molecules are, however, unstable as they easily desorb from surfaces, hindering their
use for real-life applications. Nonetheless, stability can be improved through the polymerisation

process by linking the molecules into a polymer via covalent bonds. The resulting functionalised
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surfaces can be used to address a variety of problems.

Microbial infections are an enormous burden for society in general in terms of suffering, loss of
quality of life, and economic damage. Although the use of antibiotics greatly reduces the burden
of microbial infections, it results in a selection of resistant strains that pose a pressing challenge
for healthcare systems [1,/2]. In particular, bacteria form organised communities when they ad-
here to a surface, called biofilms, surrounded by an extracellular polymeric matrix, making them
more resistant to treatments. Developing anti-bacterial surfaces that prevent, reduce, or delay the
growth of bio-films in medical implants is one of the many options to tackle the problem of bac-
terial infections with less or without antibiotics [3]. Among the possible methods to functionalise
surfaces to this end, plasma polymerisation has emerged as a single-step, solvent-free, green, and
efficient method to coat a wide variety of substrates with polymers of organic molecules |4], espe-
cially for biomedical use [5|. A brief background on this topic is presented in Chapter [2| Although
nitric oxide is an effective anti-bacterial and anti-biofilm agent, it is inherently unstable, raising
the interest in a class of analogous molecules, the more stable nitroxide radicals [6]. In Chapter
the growth of nitroxide-containing polymers from (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)

during plasma polymerisation is investigated and the antibacterial properties are tested.

The discovery of new and more effective catalysts has the potential to improve the efficiency of
industrial-scale reactions [7], thus, reducing energy and materials usage. Scaling the dimensions of
catalysts down to the sub-nanometer regime holds the promise to enhance efficiency by increasing
the surface-to-volume ratio, so that most of the atoms are involved in the reactions, achieving
enhanced performances with the same or less amount of material [8]. In this context, atomic
quantum clusters (AQCs), made of only a few noble metal atoms, combine the catalytic properties
of metals with the advantages of nanometric or sub-nanometric dimensions [8,/9]. They exhibit an
exceptional catalytic activity that can be tuned by the choice of the metal and the number of atoms,
providing a flexible platform for a host of reactions [9]. A brief background on AQCs is presented in
Chapter 2] The understanding of the chemical and morphological properties of AQCs is extremely
elusive due to their sub-nanometric dimensions. However, SPM and X-ray-based techniques offer
the possibility to characterise their properties down to the atomic level once supported by a surface,

as shown in Chapter [§] and [6] with AQCs of just five copper and silver atoms. Furthermore, they



can be used as catalysts for a variety of reactions occurring on solid surfaces. In the context
of this thesis, the potential of AQCs to catalyse the on-surface polymerisation via the formation
of C-C bonds from halogenated monomers is explored in Chapter [f] At the moment, this kind
of reaction is mainly carried out on noble metal surfaces due to their catalytic activity, greatly
limiting the application of the resulting polymers. The possibility of producing polymers directly
on a variety of surfaces, including semiconductors and insulators, could enhance their application

as catalysts |LOL[L1] and building blocks for molecular electronics [12].



Chapter 2

Background

In this chapter, the literature relevant to this thesis is reviewed. Some aspects of on-surface poly-
merisation are discussed in Section [2.1] focusing on the efforts of extending the process to insulating
and semiconducting surfaces. Atomic quantum clusters (AQCs) are discussed in Section high-
lighting the gap in the current knowledge, and the questions addressed in this thesis, and pointing
to the potential use in on-surface polymerisation. Finally, plasma polymerisation is introduced in
Section the scant literature on the early stages of the process is reviewed and the research

questions addressed by this thesis are introduced.

2.1 On-surface polymerisation

Nanostructures have historically been produced with top-down approaches, such as lithography
and the etching of semiconductors. However, this is not the only option. Research pivoted to-
ward bottom-up methods to assemble nanostructures from smaller units [13]. These processes are
widespread in nature and can be precise down to a single atom, such as the assembly of amino acids

into proteins, polypeptides into DNA, and the growth of crystals.

In nanotechnology, the bottom-up paradigm consists of assembling building blocks on a surface
to create a structure with new emerging properties. Among the building blocks, organic molecules

possess both functional properties and the possibility to tailor their functionalities efficiently by

4



2.1. ON-SURFACE POLYMERISATION 5

modifying their structure. Molecular assemblies are promising candidates for molecular electronics,
photonics, spintronics, and selective chemistry [14,|15]. However, molecular layers are easily dis-
rupted by heat, light and exposure to the environment, which limits their application in real life
unless they are stabilised. This thesis focuses on linking molecules with covalent bonds through
polymerisation on inert surfaces as a first step to extend the process to technologically relevant

materials, such as SiOs.

2.1.1 Molecular interactions

The interaction between molecules can be broadly categorised as non-covalent and covalent.

In the non-covalent case, the interactions between building blocks are reversible, such as hy-
drogen bonds, halogen bonds, Van der Waals forces |16], and metal-ligand coordination [17]. For
example, trimesic acid molecules assemble into a kagome lattice on Cu(100) in UHV [1§] and in
solution [19] due to the hydrogen bonding between the carboxylic groups. 1,3,5,-(tris-bromophenyl)
benzene (TBB) molecules assemble in different patterns on Cu(111) and Ag(111) at 80 K due to the
halogen bonding |20]. Metal ligand coordination involves the interaction between electrons of single
atoms of a transition metal with molecules such as polyphenyl-dicarbonitrile with cobalt centres to
form a porous matrix [21].

The hydrogen bond derives from the partial transfer of electrons from a hydrogen atom to a
more electronegative species within a molecule, forming an electric dipole. The dipoles of neigh-
bouring molecules tend to align, forming a hydrogen bond, with a typical energy of approximately
0.25eV [22]. Tt is a directional interaction because it is stronger between the axis connecting the
electronegative atom to the hydrogen, but its intensity falls off quickly. Van der Waals forces occur
between the permanent, induced or instantaneous dipole of neighbouring molecules so that even
neutral molecules interact with one another. The permanent dipole-permanent dipole, permanent
dipole-induced dipole and instantaneous dipole-induced dipole interactions, called Keesom, Debey
and London forces, align molecules with an energy lower than 0.25eV [22]. These interactions are
all proportional to %6 and are generally attractive. Pauli repulsion caused by the overlapping of the
electronic clouds prevents the molecules from collapsing. The balance between attractive and re-
pulsive interactions causes molecules and atoms to assume well-defined equilibrium positions. This
topic is further discussed in Chapter Metal-ligand coordination involves the bond between a

transition metal and one or more molecules called ligands. The energy of the interaction can be as



6 CHAPTER 2. BACKGROUND

high as a few eletronvolt [22]. These interactions are crucial when molecules assemble on a metallic
surface or in the presence of an adsorbed metal atom.

The reversibility of non-covalent interactions allows for self-assembly, self-healing, self-recognition
and self-selection as the molecules can reach the equilibrium while exploring the phase space [23].
On the other hand, molecules bound by these interactions are unstable against light, heat, and

chemicals, making them unsuitable for most real-life applications.

Covalent interactions involve the linking of molecules with energy of a few electronvolt into
complex structures, such as nanowires |24], nanoribbons [25], and 2D polymers known as covalent
organic frameworks |26]. The irreversibility of this interaction makes these structures stable against
a wide range of stressors, and, thus, suitable for real-life application but can significantly reduce the
quality of the structure as defects cannot be avoided. Furthermore, covalent links allow electron
transport across the structure opening the way to molecular electronics [27]. Although the growth
of covalent structure occurs at a variety of interfaces, this thesis deals with the growth at the

boundary between solid surfaces and vacuum.

2.1.2 On-surface polymerisation

The covalent linking of organic molecules on solid surfaces in ultra-high vacuum (UHV) is known
as on-surface polymerisation [14]. Compared to polymerisation in solution, the monomers are con-
fined in a bidimensional space by the surface resulting in new 1D and 2D products that cannot
be otherwise synthesised [28]|. The development of this field is inherently connected to the rise of
scanning probe microscopy (SPM), in particular, STM and non-contact AFM (see Section ,

which enabled the imaging of the reaction products at the nanoscale [14].

The growth of nanostructures derives from the balance between energy and entropy. Energy
favours the polymerisation of molecules on the surface. The loss of the monomers’ translational
and rotational degrees of freedom upon immobilisation into the polymer causes an entropic loss.
Surface confinement reduces these degrees of freedom, shifting the balance towards the energetic
term compared to polymerisation in solution |14].

Growth processes, such as polymerisation, rarely take place in equilibrium, thus a kinetic de-

scription is needed to account for the energy barriers. There are three steps involved in on-surface
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Figure 2.1: (a) Schematic representation of on-surface polymerisation showing the activation, dif-
fusion, and coupling of monomer. (b) Activation, diffusion, and coupling barriers in the on-surface

polymerisation. The images are reproduced from .

polymerisation (Figure [2.1): activation of the monomers, diffusion, and coupling.

Activation Monomers on the surface are usually not reactive by themselves. Activation requires
heat or light to cleave specific bonds in monomers (stimulated growth) forming radicals. This
step usually involves a high-energy barrier (a few eV), potentially causing the monomers to desorb
from the surface before the activation. This issue is overcome by lowering the activation energy
with a catalytic surface . Not all reactions require an activation step. For example, the
polycondensation of aldehydes and amines on Au(111) is spontaneous at room temperature .
Monomers with a single reactive group form dimers; with two reactive sites, grow into wires; with

three or more reactive groups, form 2D polymers.

Diffusion Radicals and molecules diffuse across the surface and react forming increasingly long
chains. The surface has a relevant role since the diffusion coefficient varies depending on the surface
chemistry, atomic landscape, and the coordination of atoms. For example, molecules exhibit a higher
diffusion coefficient on terraces than at step-edges, where the surface atoms are less coordinated

and thus more reactive . Diffusion is also influenced by the chemistry, geometry, and orientation
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of the monomers |33].

Coupling As the radicals and monomers diffuse, they react and form increasingly long chains
with a reactive radical at their edge. They become slower due to the increased mass and are
less reactive since new monomers can link only at the edges. The polymerisation ends when two
different chains merge, neutralising the radicals at their sides (the dimerisation of two radicals is
the most trivial case). For the system to reach equilibrium, the chains should explore the phase
space i.e. their coupling should be a slow process compared to the diffusion due to a high en-
ergy barrier [29]. In this case, the growth is called ‘coupling-limited’ and the number of defects

is low. Otherwise, it is named ‘diffusion-limited’ and results in defective polymers (Figure ) [14].

Several mechanisms of on-surface polymerisation have been studied. The following list is a

non-exhaustive summary of some of them:
e Dechalogenative homocoupling studied on porphine molecules on Ag(111) [34]
e Dehydrogenative cycloaddition [25]
e Decarboxylation of naphthalene dicarboxylic acid on Ag(111) and Cu(111) [35]
e Ring-opening polymerisation of melamine on Cu(111) [36]
e Bergman cyclisation of ethynyl substituted benzenes |37]
e McMurry-type reductive coupling of aldehydes |38]
e Condensation of aldehydes with amines on Au(111) [31}32]

e Trimerisation of acetyls [39]

Ullmann coupling [241[25L40-46].

2.1.3 Ullmann coupling

Fritz Ullmann discovered the coupling between aryl halides, organic molecules with carbon-halogen
bonds, with copper in solution to form biphenyls and copper salts in 1901 (Figure [47]. In 2007,

Grill and colleagues induced on-surface Ullmann coupling of halogenated molecules using a coinage
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X=Br, |

Figure 2.2: Ullmann coupling of aryl halides in solution.

Figure 2.3: (a) Schematic representation of tetra(4-bromophenyl) porphyrin (BryTPP), consisting
of a porphyrin core with four phenyl groups where hydrogen 4 has been replaced by a bromine
atom. (b) STM image of BryTPP island on Au(111) before the polymerisation with a molecular
model. (¢) STM image and (d) schematic of TPP polymer. The images are reproduced from .

metal surface to confine the monomer in 2D and catalyse the reaction at the same time. Different
kinds of halogenated phenyl porphyrins (an example is shown in Figure can be polymerised
upon annealing in UHV on an Au(111) surface, forming nanowires and 2D polymers .

Afterwards, the coupling of other halogenated organic molecules on coinage metals has been
achieved, such as halogen-substituted 1,3,5-tris(phenyl)benzene , 1,4-dibromo phenyl benzene
[42], ciclohexaiodo-m-phenylene [43], diphenyl-10,10>-dibromo-9,9™-bianthracene [25|[44], fluorene
, and 4,4”-dibromo-m-terphenyl .

Several papers cover the theoretical, computational, and experimental aspects of Ullmann cou-
pling of aryl halides in detail due to the widespread interest . The
activation of the Ullmann coupling consists of the thermal dehalogenation of the monomer (Figure
2.4h), resulting in the formation of radicals that are stabilised by the surface (Figure 2.4b). The
halogen-carbon bond cleavage depends on geometric and electronic considerations . The C-Cl
bond is the strongest, C-1 is the weakest, while C-Br strength lies between them. Consequently, each
bond can be activated at a unique temperature , providing exquisite control over multi-step

reactions .

The surface plays an important role in catalysing the activation step, too. At each atomic site,
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a) X=Br, | b) c)
O~ "0 O

Figure 2.4: (a) Schematic representation on-surface Ullman coupling of halogen-substituted ben-
zene. (a) Two halogen-substituted benzenes on a coinage metal surface. (b) Two dehalogenated
benzenes radicals form a metal-organic bond with the same metal atom. (c¢) Coupling of the radicals

into a polymer (dimer).

the coinage metal d orbitals overlap with the molecular one, causing an electron transfer to the 7*
level. This excitation shifts to the o* halogen-carbon bond breaking it [20]. The energy required for
this step decreases from Au to Ag to Cu [29]. Indeed, the dehalogenation is spontaneous at room
temperature on Cu(111) [201/40,/41] but requires activation on Au(111) [33|. Upon dehalogenation,
the radical bond with the coinage metal surface (Figure ) forming the metal-organic phase
[29/30L}43L[53], that can be stable or unstable.

Radicals diffuse by hopping between metal atoms. The coupling occurs when two adjacent rad-
icals eject the metal atom between them and form a covalent bond (Figure [2.4f) [29,[40[43]. This
step is usually endothermic, requiring energy to be activated. The metal-organic intermediate state
explains the observed anti-correlation between the activation and coupling barriers [29}30,43]. A
molecule readily loses the halogen only if the energy gained in bonding with the metal is substantial.

Thus, the metal atom ejection in the coupling step requires a significant amount of energy.

2.1.4 Ullmann coupling on insulators

On-surface Ullmann coupling is mainly studied on coinage metal surfaces as a catalyst is required to
initiate the polymerisation at a temperature below the desorption point. The growth of the nanos-
tructure for integration into devices on technologically relevant substrates, such as semiconductors
and insulators, is non-trivial as they lack the catalytic activity of noble metals. In the literature,
different approaches have been highlighted to transition from noble metal to other surfaces. First,

the growth happens directly on an insulator. The second method consists of using a thin decoupling
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Figure 2.5: (a) 2-(4-bromophenyl)-6-(4-chlorophenyl)pyridine-4-carboxylic acid (BPCPPCA)

monomer and calcite surface. (b) BPCPPCA oligomer forming after annealing at 610K for 1h.

The images are adapted from .

layer grown on top of the noble metal surface to confine the monomer while retaining the catalytic
activity of the underlying metal. Finally, an extrinsic catalyst can be deposited on the noble metal

surface to control the activation. Each approach is discussed in the following paragraphs.

Insulators Gutzler and coworkers tried to induce Ullmann on graphite(001), a zero-bandgap
semiconductor, to pivot away from metal surfaces . However, the molecules desorbed before
the activation occurred due to the absence of a catalyst. Kittlemann and colleagues overcame
the desorption problem by attaching a carboxylic group to a variety of monomers to anchor them
strongly to a calcite surface and activating the reaction without a catalyst . A variety of
halogen-substituted benzoic acid monomers and 2-(4-bromophenyl)-6-(4-chlorophenyl)pyridine-4-
carboxylic acid (BPCPPCA) monomer (Figure ) were shown to undergo debromination and
dechlorination forming a polymer (Figure ) Although this research proved that Ullmann
coupling on a bulk insulator is feasible, the approach of Kittlemann and colleagues is limited to a
single class of monomers with a specific anchor group suitable for a calcite surface. This method
is not easily generalised to a variety of surfaces and monomers, which would be of interest to the

technological application of 2D polymers.

Decoupling layers Morchutt and coworkers coated Ni(111) with a hexagonal boron nitride (h-
BN) and graphene decoupling layer to reduce the monomers-metal interaction [51], instead of re-
placing the metal surface. In this configuration, the activation of 1,3,5,-(tris-bromophenyl)benzene
Ullmann coupling takes place before the desorption but it exclusively yields oligomers (Figure

[2.6), suggesting that the underlying Ni(111) still interacts with the monomer limiting the diffu-
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Figure 2.6: STM image of 1,3,5-tris-(bromophenyl) benzene (TBB) oligomers on (a) Ni(111) /h-BN
and (b) Ni(111)/graphene. The images are reproduced from .

sion . Similarly, Ullmann coupling of 1,8-dibromobiphenylene has been induced on h-BN grown
on Rh(111) by Zhang and colleagues . Bombis and coworkers demonstrated that it is possible
to grow dibromoterfluorene (DBTF) polymers on an Ag(111) surface partially covered by a NaCl
insulating layer . While this method provides information on the properties of the polymer on
an insulating surface, the catalytically active noble metal surface is still required for the polymerisa-
tion to occur, limiting the practical applications. Rastgoo-Lahrood and coworkers used a different
approach [59]. First 1,3-bis(p-bromophenyl)-5-(p-iodophenyl)benzene (BIB) molecules were linked
into a polymer through Ulmmann coupling on Ag(111) surface. Successively, the resulting polymer
was decoupled from the noble metal surface through the intercalation of iodine atoms between the
porous structure and the surface.

Although decoupling layers have shown some success, it is not possible to rule out the possibility
that the underlying surface or metal adatoms are not influencing or catalysing the growth. Moreover,
these decoupling layers cannot be integrated into current device architectures, such as CMOS,

hindering their practical application.

Extrinsic metal catalysts In the context of on-surface Ullmann coupling, the surface supports
the diffusing molecules and catalyses the reaction. Separating these two processes could enhance
control over the reaction by tuning the energy barrier of activation, diffusion, and coupling inde-
pendently. The substrate influences the diffusion barrier, while an extrinsic catalyst affects the

activation and coupling barrier. Noble metals are a natural choice for this purpose as Ullmann
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coupling occurs on coinage metal substrates. Shi and coworkers used single Cu atoms as extrinsic
catalysts on Au(111) in a two-step reaction (Figure[2.7a) as copper is the most reactive of the noble
metals [50]. The first reaction step involves the C-Br activation leading to dumbbell-shaped dimers.
Then, the Cu atoms catalyse the C-Cl bond cleavage (Figure ) Overall, the covalently bonded
polymer grows (Figure —c) but it is limited by the formation of Cu islands. In addition, other
metals, such as Pd and Dy, have been studied. Pd is a well-known catalyst in Ullmann coupling [60],
while Dy is a promising candidate [61]. In this context, single atoms are used as catalysts because
they are extremely reactive and highly mobile. Early studies on porphyrins show that Cu and Pd
atoms catalyse the Ullmann coupling on noble metal surfaces reducing the activation temperature
and increasing the reaction yield [36,60]. Zhao and colleagues tested Cu and Pd atoms as extrinsic
catalysts on TBB supported by an h-BN monolayer grown on top of Ni(111) |[62]. Cu atoms catalyse
the reaction only when the surface covered by the TBB layer is heated. Pd is a worse catalyst than
Cu, even if it is active at room temperature. Extrinsic catalysts result in the formation of oligomers

improving the results on bare h-BN on Ni(111), as previously discussed [51].

Extrinsic metal catalysts are a general way to induce Ullmann coupling of a plethora of halo-
genated monomers on technologically relevant surfaces as they can efficiently initiate the reaction.
Furthermore, the activation and coupling barrier could be controlled by the choice of the metal
catalysts, as demonstrated for the coinage metal surfaces [29]. Although single metal atoms have
been shown to induce Ullmann coupling, the quality of the resulting polymers is generally poor as
the individual atoms sinter together and are trapped into the polymer, poisoning the surface and
the polymer and, hence, disrupting the polymerisation [50,/62]. A suitable replacement should be
as highly catalytically active and mobile as single atoms but it should also be resistant to sintering.
A natural choice would therefore be small metal clusters comprising just a few atoms that retain
high catalytic activity but are more stable than individual atoms.

The work in this thesis aims to induce Ullman coupling of BrsTPP on inert surfaces, such as
mica and HOPG, using small atom clusters as an extrinsic catalyst. This method could enable the

polymerisation of a variety of monomers on different surfaces without the need for a specific anchor

group.
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Figure 2.7: (a) DCTP monomer sequential Ullmann coupling: the Au(111) surface activates de-
bromination, and single extrinsic copper atoms activate dechlorination. (b) 65nm x 65nm STM
scan of the network of covalently bonded DCTP molecules. (c) High-resolution, 14nm x 14nm

STM image of the polymer. The images are reproduced from .

2.2 Atomic Quantum Clusters

2.2.1 Introduction

Atomic quantum clusters (AQCs) are assemblies of a few atoms (e.g. Ags [63], Pty [64], and
Cus ) with sub-nanometer or nanometre dimensions, that can be thought of as molecules. In-
deed, discrete energy level and localised orbital emerge from confinement as the size is comparable
to or lower than Fermi length (< 1 nm). For instance, Cu,, (n < 10) exhibits fluorescence (Figure
implying a non-metallic electronic structure. On the contrary, Cuszgg is not an AQC as it has
a surface plasmon due to a collective electron behaviour as observed in nanoparticles and solids
but not in small molecules . AQCs properties significantly differ from nanoparticles or bulk

counterparts and depend on the number of atoms, namely atomicity.

AQCs have drawn significant attention as nanoscaled and efficient catalysts with high selectivity
and activity in several reactions [967-{70]. They are highly reactive because the atoms are in a low-
coordination state and the orbitals are easily accessible. This topic is further discussed in Section
2.2.3] Furthermore, potential application as anti-cancer agents |71|, anti-bacterial materials [72],
and fluorescent markers has been highlighted. A discussion of the properties of AQCs is

relevant to this thesis, as the structure and chemical composition of Cus clusters stabilised by an
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Figure 2.8: Difference in the optical properties and potential energy in Cu,,. Small clusters (n < 10)

are fluorescent, while bigger nanoparticles exhibit plasmons. The image is reproduced from .

oxygen layer, Cus|O3],, is analysed and they are used to catalyse the on-surface polymerisation of

tetra(4-bromophenyl)porphyrin (BryTPP).

2.2.2 Electronic properties

The fascinating properties of AQCs derive from the molecular-like electronic structure that can
be investigated with theoretical models and numerical simulations. The jellium model is the most
simple theoretical framework to understand AQCs. Each atom in the cluster is approximated by
free electrons from the valence band attracted by a short-range, spherical potential generated by
the nucleus screened by core electrons [75H{77]. This kind of Hamiltonian entails discrete energy
levels analogous to the nuclear shell model (e.g. 1s, 1p, 1d, 1f, etc.) where the azimuthal quantum
number, 1, is not smaller or equal to the principal quantum number, n. The closure of a shell gives
rise to stable configurations, that are dominating in mass spectra, such as Nay, Nag, Najg, Nagg
shown in Figure 2.9h. As sodium atoms have a single electron in the valence shell, the 1s level is
filled by two electrons in a cluster comprising two atoms (Nag), giving rise to a stable configuration.
Analogously, the 1p level is full in Nag (Figure ) The number of atoms in a cluster necessary
to close a shell is called the "magic number". Other potentials explain the shell structure and

magic numbers [78]. For example, ¢g-deformed oscillator approximation is in excellent agreement
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with experimental magic numbers of alkali and noble metals up to 1500 |79,[80]. It is, however,
possible to synthesise clusters with open shells using wet chemistry or electrochemical methods that
are extremely reactive and, thus, suitable for catalysis.

Discrete electronic structure results in the loss of metallic behaviour of AQCs due to a gap
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). This gap, AEgonmo-rumo, derived from the jellium model for noble metals

agrees with the measured trend [82]:

1
AEpomo-rumo = Epn™53, (2.1)
where Er is Fermi energy of the bulk noble metal and n is the atomicity. The atomicity-dependent

AFEgomo—rLumo is exploited for catalytic applications as discussed in Section In addition,

the shift of the Fermi energy,Er aqc, with respect to the bulk counterpart, Er ik, reads:
_1
Er agc = Erpur + An™3, (2.2)

where A is a constant that depends on the material [83].

2.2.3 Catalytic activity

AQCs have drawn attention as catalysts since all or most of their atoms are accessible and low-
coordinated, making them reactive and unstable. Their activity, the possibility to catalyse reactions,
and selectivity, the catalysis of a specific reaction, differ from the bulk counterparts and depend on
their atomicity [83H85]. Indeed, spatially localised orbitals are suitable for interacting with other
species [70182)86] as well as the HOMO-LUMO band gap and position affect the selectivity [82]. For
example, only Cus is active in methylene blue reduction to leucomethylene by hydrazine (Figure
among Cu,, (n = 5,13,20). The alignment between LUMO and the tail of methylene blue
reduction energy favours a weak interaction [83]. On the contrary, Cuy3 interacts too strongly with
the molecules and the LUMO of Cugg does not align with the reduction energy.

Although AQCs can be synthesized without ligands, they are usually surrounded by a layer of
oxygen or supported by surfaces to improve their stability and prevent sintering, changing their
catalytic properties from ideal clusters presented above [87]. Even if theoretical models account for
the additional complexity in specific cases [88], DFT calculations and molecular dynamics simula-

tions are widely used to provide in-depth information on energy and kinetics [70,85,89] such as Cus



2.2. ATOMIC QUANTUM CLUSTERS 17

a)
| viaf ,l'.“_._‘
9 <l ,-'_-'.1,..'-
o 92
(o)}
£
<
=
Q
; |
‘Ii h TIYTIYTIo.
}.ﬁ r,m;d*ﬂu\e”i-'Lh.'u'ﬂF\ﬂ-’LﬂJJ‘fgmwmwwm,
1.6
b) 1h
L1p 0.4t
> 1.2 -
CD.. - 2s 0k
= sl adasagl
— 08 B
<I] 2p 92
- 1
+ 04r 1f 9 3s
E r 1d 2d
T Ll /A
_0.4I/llllilllq_.\\llll‘ll‘lllllllll!llll.l
8 20 34 40 58 70

Number of sodium atoms per cluster, N

Figure 2.9: (a) Mass spectrum of Na AQCs and (b) electronic energy difference between cluster
with N+1 and N atoms. Non-contact AFM image of (¢) Fey, (d) Fes, and (e) Fes on Cu(111),
respectively. Panels a,b and c-e are reproduced from and , respectively.



18 CHAPTER 2. BACKGROUND

&/ Vg E/eV

-2 —-2.5
] E'Nanans=-1.16V NoH, Step2 B

-1 —————— | -35

<
Zz
g
:
0
}é:é
| NE
1

€mm————

0,/H,0
- - /3
g Cnbulk 1095 -6.5
...... =-Ex
E “NW EFm
Eycu =378-295¢V — s
Eycus) = 5:30-41%V B
4 — —-8.5

Figure 2.10: AEgomo-rumo and Er agc versus n of Cu, (2 < n < 20) clusters involved in
methylene blue (MB) to leucomethylene blue (LMB) reduction by hydrazine (NoHy). The energy

alignment between the catalysts and the reactant is also shown. The image is reproduced from .



2.2. ATOMIC QUANTUM CLUSTERS 19

oxidation |90] and iodobenzene adsorption on Pds, Ptz and Aus [91].

AQCs catalyse a wide variety of reactions. The following list is a non-exhaustive summary of

some of them:
e CO oxidation by Au [92] and Pt on TiO, [84]
e Propane dehydrogenation by Pt [93]
e Oxygen reduction by Pt [94]
e Dehydration [69] and hydration [95] of alkenes
e Olefin hydrogenation by Ir [96] and Cu [97]

e Selective oxidation of alkanes by Au [98], alkenes by Ag [99], alcohols by Pt and Pd [100], and
thiols by Au [101]

e C-C coupling (Heck, Sonogashira, Stille, and Suzuki coupling) by Pt and Pd [89.[102]
e Dehalogenation of iodo and bromobenzene by Au [91]
e Assistance in the photocatalytic processes on TiOy by Cus [103] and Ags [104]

e Selective oxidation of glutathione and thioredoxin by Ags in biological settings [71].

2.2.4 Structure and isomers

Density functional theory (DFT) is the standard approach for the ab initio calculation of AQCs
properties, accounting for the discrete nature of nuclei and core electrons. In general, small clusters
are predicted to be 2D while bigger ones are 3D [105|, as their structure resembles that of a
nanoparticle.

Experimental characterisation of the AQCs structure is lagging behind simulations due to the
sub-nanometric dimensions of clusters, which are comparable to small organic molecules, such as
benzene. Only with the recent development of high-resolution scanning probe microscopy, small
surface-supported clusters have been imaged [81,/106]. Emmrich and coworkers managed to image

Fes, Fes, and Fey on Cu(111) (Figure 2.9b) with non-contact AFM [81]. Adachi and colleagues
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imaged 3D gold clusters on rutile TiOy [106].

DFT simulations predict that noble metal AQCs comprising a few atoms exhibit 2D and 3D
isomers [105}107H109] (middle row of Figure[2.11h) with different electronic and catalytic properties
[901/110+112] due to the localisation of the molecular orbitals in different parts of the clusters |111].
For example, 2D and 3D Cus exhibit different band gaps of 1.6eV and 1.25eV, respectively, as
shown in Figure 2.IIp. The HOMO and LUMO are located on the side of 2D Cuj and the top
and bottom of the 3D isomer. The different electronic properties affect the mechanisms of CO
oxidation [112| and water splitting on TiO2 [103].

The isomers have hardly been experimentally characterised due to the sub-nanometric dimensions.
For example, Imakoa and coworkers resolved a Pty cluster evolution into different isomers (Figure
M) using a high-angle annular dark-field scanning transmission electron microscope [64].

It could be possible to distinguish between isomers in at least two ways. First, 2D and 3D
isomers have different adsorption heights on a surface that could be measured with an Atomic
Force Microscope (AFM) or normal incidence X-ray standing waves (both techniques are discussed
in Chapter . Second, the difference in electronic properties could be identified by measuring the
band gap or mapping the orbitals with a scanning tunnelling microscope (STM).

Cus is 2D in gas phase |112] and potentially when supported by a surface [65]. It is pre-
dicted to be 2D when negatively charged and to become 3D upon donation of an electron (Figure
2.11R) |105L[{113[|114]. This suggests that the structure could change when catalysing reactions
that involve charge donation such as dehalogenation of aryl halides coupling [115|. This possibility
is explored by inducing the on-surface polymerisation of BryTPP using oxygen-stabilised copper

clusters, Cus[Os]s,.

2.2.5 CU5[02]n

This thesis focuses on characterising the properties of Cus[Oz],,, kindly provided by D. Buceta and
M.A. Lopez-Quintela at the Univeristy of Santiago de Compostela.

Compared to other small atom clusters, Cus|[Os],, have been synthesised without a capping layer
to stabilise them [65], they are thus a suitable system to study the properties of naked clusters. As
Cu;[O2],, are synthesised in water solution, it is assumed that dissolved molecular oxygen absorbs

onto them, according to DFT simulations and experimental evidence [103L{116].
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b) Cus Cus-3D

5.5

Figure 2.11: (a) DFT predicted structures of (top row) positively charged, (middle row) neutral,
(bottom row) negatively charged Cu,,. (b) DFT calculation of the electronic structure of (left) 2D
and (right) 3D Cus with the HOMO and LUMO orbital structure and energy gap. (c) High-angle

annular dark-field scanning transmission electron microscope of a Pty isomer evolution over time.

Panels a, b, and ¢ are reproduced and adapted from \ , , and , respectively.

Cus|O3],, in water solution have been proven to be stable against ageing, temperature up to
60°C, UV exposure up to 24 h, and pH through emission spectroscopy (Figure. Additionally,
DFT simulations show that small Cu AQCs are resistant to the dissociation of Os into atomic
oxygen (O2 — 20), suggesting that Cus should be resistant to oxidation [110]. At the moment,
experimental evidence that Cus|Oa],, are resistant to oxidation is inconclusive and the question

is addressed in this thesis.

I aim to understand (1) the chemical state of copper in the clusters, (2) whether surface-
supported Cus[Os],, is 2D or 3D, (3) test their capability to catalyse the on-surface polymerisation

of BryTPP on different surfaces, and (4) verify if the structure changes during the process.
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energy (E). The image is reproduced from [117].

2.3 Plasma polymerisation

In the following sections, plasma polymerisation as an additional method to grow covalently sta-

bilised molecular layers is discussed.

2.3.1 Plasma

Plasma is the fourth and the most abundant state of matter |[L117] found, for instance, in lightning,
flames, auroras, stars, lasers, electron beams, fusion reactors, and arc discharges (Figure .
Plasma is an ionised gas with a complex mixture of electrons, ions, radicals, atoms and molecules
in excited states, neutrals, and photons.

Conventionally, there are two categories of plasma depending on the average temperature or

kinetic energy of its constituents: thermal and non-thermal plasma. In thermal plasmas, electrons
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Figure 2.14: Example of species in an ethanol plasma comprising (a) a neutral, (b) a radical, (c)

an ion, and (d) a fragment.

and heavy particles (radicals, ions, neutrals) are in thermal equilibrium. On the contrary, the
plasma is non-thermal or cold if heavy particles have a lower temperature or kinetic energy than
electrons. Cold plasma offers the possibility to modify the surface property of solid materials while
preventing thermal damage to the bulk, as Hollahan and coworkers showed for the first time in

1969 [113].

2.3.2 Plasma polymerisation

An electric field is an effective way to generate cold plasma at low pressure. While the ions gain
a small fraction of the electric energy remaining close to room temperature, the temperature of
electrons rises due to the low mass (1836 times lighter than the nucleons). One application of cold
plasma generated through glow discharge at low pressure (0.01—0.5 mbar) is plasma polymerisation

(PP).

PP is the process of forming a polymeric coating on a substrate from the plasma of a monomer
gas [119]. Most of the monomer gas is neutral (Figure [2.14p) (density n, = 10721m~3), a small
fraction becomes radicals (Figure [2.14p) (density n, = 101771%m=3), and just a negligible part is
ionised (Figure [2.14k) (density n; = 1071m=3) [120]. Due to charge neutrality, the density of
electrons, n., equals n;. Moreover, plasma is rich in photons, as the glow observable during the
polymerisation process suggests. Their wavelength ranges from the ultraviolet (UV) to the infrared
(IR) spectrum as they derive from molecular de-excitation, electron-ion or radical recombination.

Electrons are the 'powerhouse’ of plasma polymerisation as they absorb most of the power from
the electric field above kHz because they can respond to the change in the electric field direction
while the heavy ions cannot react readily enough (see Section for pp reactor description). The
energy of electrons usually ranges from 1 to 10 eV with a peak between 1 and 4 eV (Figure .
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Figure 2.15: Electrons energy distribution function (EEDF) at different mean energies. The image

is reproduced from [120].

Electrons initiate the polymerisation by damaging the monomers as they possess enough energy
to break covalent bonds (energy ranges from 3 to 5eV), creating radicals or molecular fragments
(Figure [2.14d). These extremely reactive species can take part in reactions in the plasma phase,
land on the substrate and further react. The resulting coating can have little resemblance to
the original molecule but it is highly cross-linked and thus stable. Moreover, the incorporation of
interesting functional groups of the monomers, such as hydroxyl (OH) [121], amine (NHy) [118/122],
carboxylic (COOH) [123], and nitroxide (NO) groups |124/125|, drives plasma polymers applications,
as discussed in Section 2.3.3

Ions or radicals?

There is an ongoing debate about whether radicals [126] or ions [120] contribute the most to
plasma polymer formation. It was widely believed that radicals are the main film-forming species,
in analogy with radical polymerisation, as their density is 10? — 10* times the electrons in the bulk
of the plasma [120]. However, the electric field arising when a substrate is in the plasma has a
significant impact on the deposition. The fast-moving electrons negatively charge the substrate,

generating a potential difference with respect to the plasma. The resulting electric field accelerates
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the positive ions towards the substrate enhancing their flux and increasing the likelihood of sticking
to the substrate (sticking coefficient). It has been shown that, at high pressure, the ion flux can
account for most of the mass flux to the surface [127H129]. Appendix |A| examines this fascinating

topic in detail.

External parameters

Many external factors influence the properties of final plasma polymers such as power, pressure,
monomer flow rate, and continuous or pulsed discharge [130]. Although correlating the external
parameters to the process in the plasma is extremely complex [131], the properties of plasma
polymers as a function of the external parameters have been studied, providing some experimental
insight [126]. Here, the role of power and pressure are briefly discussed as they are relevant to this

thesis.

e Power: the higher the power provided to the plasma, the more energy the electrons gain, in-
creasing the molecular damage. Consequently, a lower power (< 5—10W) improves functional

group retention.

e Pressure: at higher pressure (> 0.1 —0.2 mbar), a collisional sheath forms around the surfaces
in the plasma reducing the energy of ions traversing it through collisions. This process reduces
the molecular damage by slowing the ions before they collide with the substrate. This topic

is discussed in detail in the Appendix [A]

In general, low power and high pressure are ideal conditions to retain functional groups of the

monomers [128}[129].

2.3.3 Applications of plasma polymers

The interest in plasma polymerisation derives from the possibility of cross-linking organic molecules
into a film even if they cannot undergo conventional radical polymerisation. Thus, it extends
the stabilisation of polymerisation to unsaturated monomers with interesting functional groups
(hydroxyl, amine, carboxylic, and nitroxide) at the cost of some molecular damage. For the same
reason, plasma polymerisation is suitable for depositing multi-layered or patterned coatings of

hydrophilic and hydrophobic monomers that would be challenging using wet chemistry methods.
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The monomers involved are mainly gasses (e.g. perfluorocyclobutane) and liquids of low molar
mass (e.g. ethanol, propionic acid, allylamine), even though solids with a suitable vapour pressure
are available (e.g. 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)).

Another advantage is the wide selection of substrates to coat, ranging from silicon to paper,
no matter their shape or size. The process is scalable, the coatings area being limited only by the
chamber size, and requires a single step. Additionally, it is regarded as green as it is solvent-free,
material- and energy-efficient [4]. For these reasons, plasma polymerisation is suitable for industrial
applications [132H135], although reproducibility among different reactors is a well-known issue in

the research field [136].

Biomedicine is one of the main drivers of plasma polymer application [5]. Indeed, plasma
coatings have been shown to improve biocompatibility by enhancing or preventing the adhesion of
proteins and cells to surfaces. They can also prevent the attachment of bacteria or kill them [137]
as well as sense both biomolecules and biological entities. Functionalising surfaces with specific
chemistries naturally leads to selective absorption of organic and inorganic compounds in liquids,
while the cross-linked structure favours their entrapment. Thus, water purification from heavy
metals and dyes can benefit from plasma polymerisation [138]. Furthermore, pp could be applied
to electronics, as the recent investigation into perovskite solar cells [139] and wearable devices

suggest [140].

Biofouling and anti-bacterial coatings

Biofouling is the attachment of proteins, viruses, or microorganisms to a surface. It causes signifi-
cant harm due to the resulting infections, accounting for 400 billion dollars in healthcare expenses
worldwide [141]. Biofouling of catheters alone results in 250000 blood infections each year in just
the U.S. [142].

Once bacteria adhere to a surface, they form an organised community, called the biofilm, po-
tentially comprising several pathogen species at the same time. The biofilm is surrounded by an
extracellular polymeric matrix that protects it from treatments, making it extremely hard to erad-
icate. Biofilm eradication requires higher doses of antibiotics compared to treating bacteria in the
planktonic state [141], creating an evolutionary pressure to select drug-resistant strains that are

even more difficult to treat [1,/143|. The rise of antimicrobial resistance calls for new approaches to
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address bacterial colonisation of surfaces alongside antibiotics [3].

Among the many possibilities offered by nanomaterials, one option is protecting surfaces with
coatings. PP is suitable for tuning the chemical and physical properties of surfaces for antimicrobial
purposes.

One option is preparing surfaces with anti-biofouling chemistry from molecules or functional
groups such as hydroxyl [144], poly(ethylene glycol) [143|, amine, and oxazoline |5]. Beyond chem-
istry, the morphological and physical features of coatings are available. For instance, nano-spikes
embedded in hydrophilic coatings are proven to kill bacteria [5]. Furthermore, steric and elec-
trostatic repulsion physically obstruct bacterial adhesion [143|. Another option consists of avoid-
ing bacterial adhesion in the first place or disperseing the biofilm. Nitric oxide and nitroxides
have recently drawn attention as they prevent bacterial adhesion to the surface or disperse a

biofilm [145]/146] and they can potentially undergo plasma polymerisation [124}/147].

Antibacterial activity of nitric oxide and nitroxides

Nitric oxide (NO) is an antimicrobial agent with a dose-dependent effect (Figure 2.16p). It is a
killing agent in high concentration, causing nitrosative and oxidative stress against cell walls and
DNA due to the reaction between NO and reactive oxygen species to form NoO3 and OONO~ [148].
However, nitric oxide can damage non-bacterial cells, too. In low concentrations, NO induces biofilm
dispersion by reducing the second messenger c-di-GMP concentration that, in turn, triggers the
transition to the planktonic state [149/150]. Bacteria in this state are more vulnerable to antibiotics
and treatments. The biofilm dispersal potentiality of nitric oxides has been highlighted for different
bacterial species [151], including Pseudomonas aerugionsa and Staphylococcus epidermidis.

Although nitric oxide is a promising antimicrobial agent, it has two drawbacks. NO can interact
with the biological environment, readily degrading, and the half-life in tissues is about 5s [152],
resulting in a short efficacy window. To overcome these limitations, nitric oxide delivery platforms,
such as polymeric matrices and nanoparticles loaded with NO or stimulated release of NO from
donors [147,/152], have been developed to slow the release for a long-lasting action and keep a sub-
lethal NO dose. A thorough review of these applications is beyond the scope of this thesis, but
more information is available in reference [148| and references therein.

Another option is switching to molecules with a stable NO functional group, the nitroxides.
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Figure 2.16: (a) Proposed mechanism of the disruption of antibiotic tolerating biofilms by nitric
oxide. (1) The extracellular polymeric matrix reduces antibiotic penetration into biofilms, (2)
NO at low concentrations induces biofilm dispersal, and (3) antibiotics are more effective against
planktonic bacteria. (b) Diagram of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO). Panel a is
reproduced from |154].

Among them, TEMPO (Figure[2.16b) and its derivatives are of interest because the steric hindrance
of methyl groups protects the nitroxide radical, resulting in a long half-life. TEMPO and its deriva-
tives in solution exhibit antimicrobial properties akin to nitric oxide, causing biofilm dispersion and
preventing its formation . Plasma polymerisation has been shown to offer the possibility of
stabilising TEMPO on a variety of substrates m, potentially coating catheters and other surfaces
in contact with the human body. Furthermore, Michl and coworkers showed that TEMPO plasma
polymers exhibit anti-biofouling properties against Staphylococcus Epidermidis . This thesis
aims to understand how the substrate affects the growth of TEMPO coatings in the early stages of
plasma polymerisation and test the anti-microbial activity. In the following section, the literature

on the early stages of plasma polymerisation is reviewed.
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2.3.4 Early stages of plasma polymerisation

Recent studies challenge the typically held belief that plasma polymerisation is a surface-independent
process. The properties in the early stages of plasma polymerization differ from thicker films in
terms of chemistry [122}/123,/155157], morphology [123}[156H158|, growth rate [123], and adhe-
sion [156l/159]. The state-of-the-art in the early stages of plasma polymerisation is briefly reviewed

here.

The early stages of plasma polymerisation are defined as the first few nanometres of the film,
i.e. the region significantly affected by the substrate, as shown schematically in Figure 2.I7h. In
the early stages, the deposition rate |123,/156,/159|, adhesion [159H161|, cross-linking [159.(160],
chemistry [122}|123][155H158L|162|, and morphology [122L|156}|163| differ from the bulk counterpart.
Initially, the monomers deposit from the plasma onto the substrate and, after the first layers are
grown, they land on the already deposited film. The probability of sticking to the surface (sticking
coefficient), the type and strength of interaction with it, and diffusion changes when the monomer
lands on the substrate or the already deposited plasma polymer film (Figure ) Furthermore,
energetic particles generated in the plasma, such as ions and photons, constantly bombard the film
providing energy for processes taking place on the surface. Studying what happens in the early
stage is relevant for designing nano-scaled coatings [120], their application to bio-materials 5], as
well as energy and material savings as we transition to a greener economy. Additionally, tuning the
properties of the first few nanometres of the film can significantly improve the overall performance
of films, for instance, by enhancing the adhesion in biological environments [156] and stability in
water [160]. Moreover, studying the early stage of plasma polymerisation is a step forward in the
fundamental understanding of plasma polymer formation. Surface-sensitive, averaging techniques
(e.g. XPS, water contact angle, ellipsometry, and profilometry) convey precious information about
the early stages of plasma polymerisation. Yet, they cannot provide spatially-resolved measurements
nor probe the morphology and detailed molecular structure of the coatings. Thus, SPM is required
to provide important insights. In particular, AFM is suitable since it gives access to morphology,
down to the sub-molecular resolution [164}/165], and other local features of the surface, such as
chemistry |158|, mechanical [166] and electronic properties, and interfacial forces [167].

This section aims to organise and critically review the available information about the early

stages of plasma polymerisation. First, the growth rate and cross-linking, and then the chemistry
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of the films are examined. Finally, the AFM analysis of the film morphology and structure, which

is comparatively underexplored, is discussed.

Deposition rate, sticking coefficient and cross-linking

Vasilev and coworkers showed that the deposition rate of n-heptylamine, allylamine, propionic
acid and acrylic acid increases during the early stages and then levels off. They highlight that
the deposition rate depends on the substrate since the coatings are consistently thicker on a self-
assembled monolayer (SAM) of mercaptoundecanoic acid (MUA) than on gold. Since the flow of
particles to the surface is the same, then the sticking coefficient of different surfaces accounts for
the different deposition rates. Similarly, the ellipsometric measurements by Akhavan and colleagues
show that the deposition rate of CoHy, No, and Ar stabilises after an initial drop (Figure
a). However, ellipsometric measurements may not precisely estimate the film thickness when the
first few nanometres are rough and discontinuous, so the deposition rate is affected by significant
uncertainty. Vandenbossche and colleagues showed that the growth rate of CoHy/NHj3 plasma, as
measured by profilometry, is lower in the early stage and saturates to a constant value after 0.6
minutes (Figure b). Assuming that the flux of particles to the surface is constant, it suggests
that the sticking coefficient is initially lower. This assumption may not be entirely justified as plasma
is out of equilibrium in the first seconds of polymerisation and it may contribute to the change in
the deposition rate. Waiting until the plasma is in equilibrium before coating the substrates could
improve the reliability of the above-reported results.

Working on the above-mentioned CoHy/NH3 plasma, Hegemann and coworkers noticed that
the coating left in water detaches from the silicon, yet a few nanometres thick films remain on the
substrate [160] (Figure 2.18k). The authors assign the lower solubility of this interface layer to
the enhanced cross-linking due to the energy excess provided by the particles impinging from the
plasma that do not stick to the surface. Initially, the sticking coefficient is low, so many particles
release energy to the surface when bouncing off. As the film grows thicker, more particles stick to

the film and are available to absorb the energy from the molecules that do not stick.

To sum up, the film grown in the early stages exhibits unique properties due to its interaction
with the surface that affects the sticking coefficient and thus the energy released to the surface by

the impinging molecules. Different cross-linking degrees in the early stages and the interaction of
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Figure 2.17: (a) The first few nm of the coating film can be considered the early stages of plasma
polymerisation. (b) Sticking of a molecule, diffusion on the surface and cross-linking under energetic
particles bombardment from the plasma. (c-d) Characterisation of the early stages of plasma
polymerisation. (¢) XPS provide information on the chemistry of the polymer such as the molecular
structure, damage, and binding with the surface as sketched for an allylamine plasma polymer. (d)
AFM provides information on the morphology of the polymer (h(x,y)) such as island-like growth
(left) or layered growth (right), roughness, mechanical properties (F(h)), and chemistry (e.g. F(h,

pH)).
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Figure 2.18: (a) Deposition rate and refractive index of CoHy, N3, and Ar plasma polymer measured
by spectroscopic ellipsometry at a wavelength of 630 nm.

deposition time CoH,/NHjs.

(b) Deposition rate as a function of
(¢) CoHy/NHg film thickness as-deposited on Si wafer and after 2 h

immersion in bi-distilled water depending on the energy density during the deposition. Panels a,

b, and ¢ are reproduced from , , and , respectively.

the first few nanometres of the film with the surface suggest that the chemistry should be different

in the interface region.

Chemical composition of plasma polymer films

X-ray photoelectron spectroscopy (XPS) is the most common averaging technique to analyse the
surface chemistry of plasma polymers since the signal from the first few nanometres of the material
is detected. Moreover, XPS conveys information on the chemical environment of molecular species
and is generally a non-invasive technique. Furuya and coworkers highlighted the difference in the
chemistry of 70nm thick perfluorocarbon plasma polymers deposited onto Si, Ag and Al (Figure
) . On Si, the C-CF,, peak is relatively intense, suggesting that the main alkyl backbone
has several branches. A strong CF3 signal on Ag hints at short chains terminated by a carbon
atom bonded to three fluorine; while the dominating CFs peak on Al suggests long chains of carbon
atoms. When the film is 1.4 pm thick, no difference in the XPS spectra is detected. These results
show that the substrate drastically affects the chemistry in the early stages and that XPS can
provide essential information. Akhavan and colleagues investigated plasma polymers’ interaction
with Zr, Ti, and SiO5 surfaces, finding evidence of covalent bonds between the transition metals and

the coating [156]. Indeed, the carbide (Zr-C or Ti-C) component of Zr 3d and Ti 2p peaks increases
after 15 seconds of plasma polymerisation (components T5 and Tg in Figure m:) compared to
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the bare substrate (Figure [2.19b). Additionally, carbide and oxycarbide (ZrO,C, and TiO,C,)
components of the C 1s spectrum (Figure ) are lower after 120 s of deposition than after 15
s, showing that the interaction takes place at the film-substrate interface. Paulino and coworkers
further prove the different chemical compositions of the first layers of triethyl phosphate (TEP)
films. They performed XPS measurements of coatings deposited on glass, aluminium oxide, and
nylon6,6 before and after 1 hr immersion in water [161]. The polymer detaches from the glass
(silicon oxide) while only a thin layer remains on the aluminium and does not detach from nylon.
The evidence suggests that the bonding with each substrate is different. These observations agree
with other studies of TEP immersed in solvents revealing weak physisorption on silicon oxide [169)]
and metal-ligand interaction on metal oxides. Additionally, the coating on aluminium oxide has a
soluble layer on top of an insoluble one hinting at a chemical gradient in the sample, according to

reference [160].

Even when no covalent bonds with the surfaces are detected, remarkable differences in the
XPS peaks may occur. References [122] and |123| describe the polymerisation of N-containing
monomers (n-heptylamine and allylamine) on gold and self-assembled MUA as well as a silicon
wafer, respectively. The absence of a chemical shift in the Au 4f, Si 2s, and Si 2p peaks points to a
weak coating-substrate interaction, while it is impossible to identify any MUA-polymer interaction.
Nonetheless, the N 1s peak evolves as the deposition time increases from a few to tens of seconds
on all the substrates (Figure —g). A handful of initially detected chemical environments disap-
pear in thicker films. In addition, the substrates affect the chemical environments as NO, appears
at 407eV on silicon (Figure 2.19), isocyanide at 397.6eV on Au (Figure 2.19f) and quaternary
amines/protonated amines at 401.6eV on Au and MUA (Figure 2.19f-g). Interestingly, there is
no evolution of the C 1s peak of O-containing monomers (acrylic acid and propionic acid) on gold
and MUA with the deposition time, suggesting that they are unaffected by the substrate [123].
As previously noticed, plasma being out of equilibrium in the first few seconds after the ignition
could account for some differences in the XPS spectra in the early stages in the absence of covalent
bonds with the substrate. Indeed, Li and colleagues noticed that the substrate-polymer interface
has different chemical properties from the top layer of the same film of di(ethylene glycol) dimethyl
ether when the pressure changes by 40 Pa in the first ten seconds [162].

In conclusion, the chemistry of plasma polymers may be altered in the early stages, likely due
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to the film-surface interaction as shown by the results of n-heptylamine and allylamine on different
substrates. To further characterise the early stages of plasma polymerisation, information about the
local nanoscale properties of the surface, such as structure, morphology, chemistry, and electronic
properties, is required. As discussed below, scanning probe microscopy (SPM) is ideally suited for

this task.

Nanoscale characterisation with scanning probe microscopy

The interplay between molecule and substrate chemistry directs the coating morphology in a
complex way. Monomers, impinging on the substrate, are physisorbed or chemisorbed onto it.
They diffuse at a rate (mobility) dictated by the strength of the interaction with the substrate.
Radicals cross-link with diffusing or impinging ones via radical polymerisation or fragmentation-
recombination, forming the film. Additionally, energetic particles bombarding the surface activate
adsorption sites and provide energy to overcome diffusion barriers and intensify coupling, enhanc-
ing sticking, diffusion and cross-linking. SPM, and particularly AFM can provide qualitative and
quantitative information about the structure and morphology of plasma polymers on a wide variety
of surfaces (metal, semiconductor, insulators).

AFM is ideally suited for nanoscale characterisation, capable of resolving structures down to
single molecules [164,/165|. However, and somewhat surprisingly, there is scant literature on this
topic, which is reviewed below. The role of the surface in the morphology of plasma polymers is first
analysed, then the role of the monomer chemistry is presented; finally, the effect of plasma param-
eters on the roughness is discussed. AFM measurements defy the commonly held view that plasma
polymerisation is surface-independent. For example, perfluorocarbon plasma polymer morphology
is smoother on Ag and Al than on Si in the early stages, but there is no remarkable difference when
the films are 1.4 um thick [168|. Additionally, Hegeman and coworkers ascribe increased roughness
of 5nm C:H:N coatings on PET than on Si wafer to the lower sticking coefficient of the latter
substrate that causes a higher degree of cross-linking [160]. This example highlights not only the
relevant role of the interplay between the energetic particle bombardment but also the substrate
chemistry in the early stages of plasma polymerisation |[160]. CoHy, No, and Ar polymerisation
on Zr, Ti and silicon point out the role of the adsorption onto the substrate. AFM measurements
reveal a smooth polymeric layer on the transition metals (Figure ,b)7 likely caused by the

high density of nucleation sites due to carbide and oxycarbide bonds between the substrate and
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Figure 2.19: High-resolution XPS measurements collected (a) in the C 1s region of perfluorocarbon
coatings deposited 50 cm (Si, Ag, Al) and (near plasma) 10cm from the plasma. High-resolution
XPS measurements of C3Hy, No, and Ar collected in the Ti 2p region after (b) 15 and (c) 120
s of polymerisation fitted with three doublets: Ti;: (TiOg2)s/2, Tiz: (TiOg2)1/2, Tiz: (TiOyz)s/2,
Tiy: (TiOg)1/2, Tis: (Ti/Ti-C)3/2, and Tig: (Ti/Ti-C)y/5. (d) C 1s environment fitted by five
components: Cy: C-C/C-H, Cy: C-O/C-N, C3: C=0/N-C=0, C4: TiC, and Cs: titanium oxy-
carbides. High-resolution XPS measurements of n-heptylamine collected in the N 1s region for
different deposition times on (e) a silicon wafer, (f) gold, and (g) MUA self-assembled monolayer
with the following components: isocyanide at 397.6 eV, amine/imines/amides at 399.7 eV, quater-

nary amines,/protonated amines at 401.6 eV, NO,, at 407 eV. Panels a, b-d, e and f-g are reproduced

from , , and , respectively.
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the coating. On the other hand, the polymer forms 6 nm high islands on silicon (Figure ),
suggesting that the cross-linking is more favourable than the adhesion to the surface. Indeed, no
chemical bond with the surface was identified by XPS. Le and coworkers studied the substrate
role in maleic anhydride film by depositing it onto pristine (hydrophilic), hydroxyl-functionalised
(hydrophilic), and alkyl-functionalised (hydrophobic) silicon oxide layers (Figure [2.20d) [163]. The
authors attribute the smooth morphology to the affinity of hydrophilic maleic anhydride with SiO4
and a hydroxyl-functionalised surface that enhances the adsorption. Conversely, maleic anhydride
forms small circular clusters on the hydrophobic surface that merge into rod structures after 2 min-
utes of polymerisation. In this case, the lack of nucleation sites and weak adhesion to the surface
favour diffusion and cross-linking. After the early stages, the effect of the surface on the morphology
could be negligible |168| or prime the growth of the successive layers as shown in reference [163|.
Michelmore and colleagues studied the role of the monomer in the early stages by depositing n-
heptylamine (saturated) and allylamine (unsaturated) onto a silicon wafer [122]. While the former
grows into clusters 10-12 nm thick (Figure , f) that merge into a uniform layer (Figure ),
the latter grows layer-by-layer from the beginning (Figure —j). Allylamine double bond could
account for the different morphology since it could increase the cross-linking degree due to radical
polymerisation [122|. In addition, the long, hydrophobic carbon backbone of n-heptylamine could
reduce the nucleation density on the hydrophilic silicon surface, according to reference [163).

The difference in the plasma parameters is also responsible for varying morphologies in the
early stages. Indeed, allylamine films (8-10 nm thick) are rougher when the pressure of the gaseous
monomer increases from 25 to 100 Pa [170]. Furthermore, Akhavan and colleagues noticed that
increasing the energy per monomer in a 1,7-octadiene plasma causes a roughening of the coating
surface in the early stages due to the bombardment of energetic particles (Figure 2.20k-n) [155].

Brioude and coworkers exploited the vast characterisation possibility offered by AFM to study
maleic anhydride chemistry [158]. They analysed the force experienced by the tip coated by the
same polymer when approaching and retracting from the surface in a wide pH range (chemical
titration force) to determine the acid dissociation constant of the two carboxylic groups in the
monomer (pK,; and pKg,z). They discovered that Pk,;= 4 and Pk,2=9.5 after 2 min of plasma
polymerisation (Figure [2.20p).

In conclusion, the examples confirm that AFM is suitable to characterise the morphology of
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plasma polymers in the early stages. It provides evidence that the interplay between substrate and
monomer chemistry as well as the energetic particle bombardment influence the coating morphology
and roughness. However, some degree of post-deposition reconstruction may affect the results, as
suggested in references [122,[156]. Yet, AFM is a versatile technique that can provide information

beyond morphology, a still underexplored area of research.

Outlook

In the last 15 years, significant but non-systematic evidence of the difference between the early and
subsequent stages of plasma polymer in terms of growth rate, chemistry and morphology emerged.
Indeed, the change in the deposition rate suggests that the sticking coefficient varies as monomers
initially land on the surface and then on the pre-deposited polymeric layer, resulting in different
properties. XPS further proves this point as the adsorption of monomers on the surface affects
their chemistry, highlighting chemical bonding at the interface or the presence of several chemical
environments. Additionally, AFM reveals a variety of morphologies and roughnesses in the early
stages. They emerge from the complex interplay between surface and monomer chemistry that
determines the sticking coefficient, diffusion, and cross-linking. Moreover, plasma parameters affect
the monomer flux to the surface and the energetic particles bombardment, which are involved in
the polymer formation, too.

A critical literature review shows that there are some shortcomings in the study of the early
stages. First, monomer pressure may change in the early stages since plasma is out of equilibrium
in the first few seconds after the ignition. Hence, the transition in the experimental conditions
may contribute to the observed peculiar properties of the first few nanometres of the coatings.
Exposing substrates to the plasma only when pressure is stable could rule out this contribution.
Second, the assessment of the morphology from AFM scans might not be straightforward as sur-
face reconstruction may occur after the deposition [122/156]. Third, ellipsometry is not suitable
for measuring thicknesses in the early stages, especially when coatings are significantly rough or

composed of islands. Indeed, the average thickness measured in a 1 mm?

area may not represent
well the underlying distribution due to substantial variance.

In conclusion, combining plasma polymerisation with nanotechnology opens the possibility of
further tuning the coating properties, especially for bio-materials [5171]. Producing a few nanome-

tres thick films could further reduce energy and material consumption enhancing manufacturing
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Figure 2.20: AFM topography images of CoHy, Ny and Ar mixture plasma polymer on (a) titanium
(b) zirconium (c) silicon wafer deposited or 15 s with a representative line profile. (d) AFM
topography images of maleic anhydride plasma polymers on SiO2, OH-terminated SiO5 (Si-OH) and
alkyl-terminated SiOy (Si-CHgs) polymerised for 20 s, 1, 2, 5 min with the corresponding thickness
as measured by ellipsometry. AFM topography images n-heptylamine plasma polymer (e) 2.4 nm,
(f) 4.2nm, (g) 8nm and allylamine plasma polymer (h) 1.6nm, (i) 2.4nm, (j) 7.5nm thick as
measured by ellipsometry. AFM topographic images of (k) silicon and 1,7 octadiene coatings on
silicon polymerised for 2 minutes at (1) 0.12, (m) 0.45, and (n) 1.05kJ cm~3 energy density. Chemical

titration force curve of maleic anhydride plasma polymers deposited for 2 minutes. Panels a-c, d,

e-j, k-n, and o are reproduced from , respectively.
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efficiency and reducing the environmental impact. Furthermore, studying the coating-substrate
interface has relevant applications in optimising the film properties, such as adhesion in liquid [160]
and biological |156] environments. A set of spatially-resolved characterisation techniques is needed
for thin plasma polymers. In particular, scanning probe microscopy offers a new host of possibili-
ties to study the local morphological and nanomechanical properties of films in air or liquid [167].
Conductive AFM (c-AFM) could provide relevant information about electronic properties, while
high-resolution AFM can further elucidate the structural order in the coatings. Time of flight
secondary ions mass spectroscopy (ToF-SIMS) can provide punctual information about the mass
composition by sampling a 2-5 nm surface layer but it is seldom used. Akhavan and colleagues dis-
covered the surface morphological and chemical inhomogeneity in the early stages of 1,7-octadiene
plasma polymers using ToF-SIMS [155].

The early stages of plasma polymerisation are still an underexplored topic. There is a significant
lack of understanding and modelling waiting to be filled by experiments and simulations. This
knowledge could be transferred to the rational design of functional coatings. Additionally, while
thick plasma polymers have well-established applications, further research is needed to test the

properties of nano-scaled counterparts and their stability over time.



Chapter 3

Materials and Methods

This chapter briefly summarises the methods used to characterise the molecular layers and atomic
quantum clusters in this thesis. Section introduces X-ray photoelectron spectroscopy (XPS) for
the characterisation of surface chemistry, followed by a discussion on the normal incidence X-ray
standing wave (NIXSW) in Section to characterise the adsorption geometry. More information
on both topics is available in books and articles [172H176]. Section describes scanning probe
microscopy (SPM), focusing on imaging molecular layers and soft materials using atomic force

microscopy (AFM). More information is available in references [164}/165L{177,/178§].

3.1 X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive technique used to determine the
elemental composition and the chemical environments of the first few atomic layers of materials.
XPS was first developed in 1954 by Kai Siegbahn [179], who received the Nobel prize in 1981, and

it is now a standard method to obtain qualitative and quantitative information on surfaces.

3.1.1 Working principles

XPS works via the photoelectric effect (Figure ) X-rays, with energy E,, cause the emission

of electrons from an orbital. The kinetic energy K is recorded by the analyser and then converted

41
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Figure 3.1: (a) Diagram to illustrate the XPS equation, including the X-ray source photon (Ep),
the binding energy of the electron (B), the measured kinetic energy of the electron (K), and the
work function of the spectrometer (). (b) Example of XPS survey spectrum of a TEMPO plasma
polymer showing the O 1s, N 1s, and C 1s peaks. (c) Inelastic mean free path X of electron versus

kinetic energy. Panel c is reproduced from [173|.
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to the binding energy B using the conservation of energy
B=FEy;,—-K-09, (3.1)

where @, the work function of the instrument, is a constant value [173]. The binding energy
is the work required to remove an electron from a specific atomic orbital of a given element to
the vacuum level, therefore providing a unique "fingerprint" for the atomic species present in a
material. Only hydrogen and helium are undetectable by XPS [173]. XPS can probe only the
occupied electronic states up to E,;. For example, the common X-ray energy used in laboratory
instruments is 1486.6eV (Al K, ) that allows the measurement of elemental core lines from 0eV,
(Fermi energy) to 1486.6eV (E,,). XPS data are a spectrum displaying the intensity (number of
electrons counted by the analyser in a second) versus the electron energy, as shown in Figure

where each peak indicates the photoemission from a specific orbital such as O 1s, N 1s, or C 1s [175].

X-rays cause photoemission several pm deep in material depending on their energy, but only the
electrons from the top atomic layers can escape the material without further interactions. Indeed
the intensity of the unscattered electron, I, as a function of the distance from the surface z has an

exponential behaviour

I(z) xe %, (3.2)

where A is the inelastic mean free path (Figure ) A is in the range of 1 — 3nm for K =
100 — 1000 eV, the typical kinetic energy range due to the excitation with lab-based X-ray sources.
The unscattered electrons emitted within 3\ (3 — 9nm) from the surface account for more than
95% of the total intensity, resulting in the surface sensitivity of XPS [172].

However, a fraction of the photoemitted electrons lose kinetic energy to the material, resulting
in lower kinetic energy and thus higher binding energy. Due to the wide spread of energies, they
do not appear as a single peak but contribute to the continuous background. For example, the
background in Figure increases sharply on the left-hand side of the C 1s peak due to the
inelastic scattering of the carbon electrons.

The area under the peaks, A, conveys information on the concentration of each element, c,, as it

reads

A = jcao\H, (3.3)
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where j is the incoming flux of photons, A is the mean free path of the electron, and H is the
transfer function of the instruments used for the measurement. The photoemission cross-section or
sensitivity factor, o, is the probability of the photoemission of the electron from a given orbital of
a given atomic species by an X-ray with energy F,;. The sensitivity factor is commonly referenced
to the C 1s by assuming that oc1s is unity and all the others are multiples of the carbon sensitivity
factor (e.g. on1s = 1.8). In this thesis, the sensitivity factors in the Casa XPS software library
(Casa Software Ltd, UK) are used. As the sensitivity factors and the inelastic mean free path are
estimated from available data of similar materials, the ratio between the area under two peaks is
proportional to atomic concentration [175]. It is thus possible to determine the relative abundance
of all the elements on the surface down to 0.05% [172]. For example, the O, N, and C relative
concentrations in Figure are 10.47%, 82.30%, and 7.23%, respectively.

3.1.2 Chemical shifts in core level spectra

XPS is highly sensitive to the bonding environment of the elements as the interaction between
atoms changes the electronic structure of the valence orbitals which, in turn, affects the core lev-
els |174,[175]. This phenomenon, known as the chemical shift, is shown in Figure for the N
1s and C 1s peaks of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO). In the case of carbon, the
chemical shift is related to the electronegativity of the atoms bonded to it as they withdraw the
electron density reducing the electron-electron repulsion and thus increasing the binding energy.
Figure shows that the binding energy increases as the atom bonded to carbon becomes more
electronegative from 285.0eV for C-C/H component to 286.0eV for C-N, to 286.5eV for C-O, to
289.0eV for O-C=0, to 293 — 294 eV for CF3. It should be noted that the relationship between
binding energy and electronegativity is not always applicable. For example, the valence electrons
are often screened from the core electrons in heavy atoms. Similarly, the binding energy of tran-
sition metals is primarily influenced by their oxidation state. As the oxidation state increases, the
binding energy also increases due to the loss of electron density. However, a transition metal with
the same oxidation state but bonded to different atoms can give rise to different peak shapes, as

for Ti, which is not explained by this simple model [180].

Not only chemical shifts but also interaction within an atom or material can cause a peak to

shift or split. The photoemission of an electron from a closed shell leaves a hole behind, resulting
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in spin-orbit coupling. The interaction splits the energy level into multiple states, detected in the
XPS spectrum as multiplets. The intensity of these peaks is proportional to the j quantum number,
2j + 1. For example, the 2p orbital is split into a doublet consisting of the 2p;/; and 2p3/, levels
with a fixed intensity ratio of 2% +1: 2% +1=2:5.

Furthermore, the photoelectron can lose a small but finite amount of kinetic energy to the sur-
rounding material by exciting another electron to an empty state, called the shake-up process, or
ejecting another electron, called the shake-off process, or exciting quasi-particles, such as plasmons
in metals. The resulting peaks appear at higher binding energies with respect to the main peak
due to the loss of kinetic energy. In metals, photoelectrons can lose part of their kinetic energy by
exciting valence electrons to a continuum of higher energy states in the valence band resulting in

an asymmetry of the peak at higher binding energy.

Identifying shifts often relies on fitting functions representing each component that is assumed
to be part of the peaks [174]. A convolution between a Lorentzian and Gaussian function, namely
the Voigt function, is commonly used for peak fitting [174]. The Lorentzian function describes the
broadening of the electron energy in the orbitals due to the finite lifetime of the core hole [181]; the
Gaussian function accounts for the spread of the X-ray energy depending on the instrument used,
namely monochromaticity. In this thesis, the components of the peaks are fitted to asymmetric

Voigt functions using CASA XPS after linear or Shirley background subtraction [182].

3.1.3 Auger peaks for chemical analysis

The Auger effect refers to the emission of an electron during the relaxation of atoms from an ionised

state in a three-body process as shown in Figure

173]. The photoemission of a first electron
from a core level leaves a hole behind that is filled by a second electron from a higher orbital. The
energy released in this process causes the emission of a third electron of an even higher orbital,
namely the auger electron. As Auger electrons come from outer orbitals, they are generally more
sensitive to the chemical bonding of the element, as shown in Figure for copper [183]. In the
example in Figure [3.3h, the X-rays cause a hole in the K level that is filled by an electron in the
L; shell causing the emission of another one from the L3 orbital. The kinetic energy of the auger

electron K depends only on the binding energy of the orbitals involved, it is thus constant and
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Figure 3.2: (a) N 1s core-level photoemission spectrum of TEMPO plasma polymer fitted to three
components NHJ (black), NO (red) and N (blue). (b) C 1s core-level photoemission spectrum of
TEMPO plasma polymer fitted to five components C-C/H (red), C-N (black), C-O (green), C=0
(pink), O-C=0 (purple).

reads:

K = Bx — By1 — Brs. (3.4)

3.2 Normal Incidence X-ray Standing Waves (NIXSW)

The need for characterising surfaces with atomic precision led to the development of analytical
techniques taking advantage of the surface’s long-range order, such as low-energy electron diffraction
or surface X-ray diffraction. However, these techniques fail in disordered systems, such as molecular
adsorbates, or when studying heterogeneous catalysis. These limitations led to the development of
the normal incidence X-ray standing wave (NIXSW), a tool that takes advantage of bulk periodicity.
NIXSW combines X-ray absorption with X-ray photoemission spectroscopy or Auger spectroscopy
to provide chemically-resolved and surface-sensitive information on the adsorption geometry with
picometer precision [176}/184,[185]. The implementation of NIXSW usually requires synchrotron
light, which is described below.
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Figure 3.3: (a) Diagram of KL;Ls Auger peak showing a hole in the K level that is filled by an
electron in the L shell causing the emission of another one from the Lz orbital. (b) LMM Auger

peaks of copper in different compounds. Panel b is reproduced from |183].
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3.2.1 Synchrotron light

A thorough discussion of synchrotrons, though fascinating, is beyond the scope of this thesis (see
reference |186|), so only the working principle is discussed. Synchrotrons are circular particle
accelerators where electrons are accelerated in a radio-frequency cavity to a speed, v, close to
the speed of light, c. Magnets force the electrons in a circular trajectory so that they remain in
the accelerator, creating a high-energy and high-flux beam of particles. In synchrotrons, X-rays
are generated in an undulator via the bremsstrahlung. The magnets of the undulator generate a
spatially periodic field perpendicular to the trajectory of electrons, periodically accelerating the

electrons. The wavelength of the light they emit is proportional to the periodicity of the magnetic

7)2 :

field divided by 272 where v = 11_7 It is possible to select an X-ray energy from approximately
1eV to approximately 20keV by ch&cxilging the magnetic field periodicity [172]. Compared to lab-
based sources, the energy is changeable, the X-ray flux is higher, and the X-ray energy spread is
lower, making synchrotrons the ultimate X-ray source.

Three factors contribute to the broadening of spectral lines in XPS: the energy spread of the
X-rays, the resolution of the instrument, and the broadening of the energy level. In synchrotrons,
the energy spread of X-rays can be as low as 0.1eV, compared to 0.85eV of conventional Al K,
lab-based sources [172|, due to the different way to excite the X-rays and possibility of filtering
out more photons with the monochromators given the high incident flux. Furthermore, these large
facilities are commonly equipped with excellent analysers, further improving the energy resolution.
An example of the improvement of the XPS spectra quality is shown in Figure [3.4] where the
components of the N 1s core-level spectrum are resolved with the synchrotron light and not with
the Al K, lab-based source.

In the context of this thesis, synchrotron radiation was used as a suitable method to collect
normal incidence X-ray standing wave (NIXSW) data to study the absorption geometry of clusters
of five copper atoms. Indeed, the possibility of changing X-ray energy and the low energy spread of
the photons are ideal for NIXSW compared to lab-based sources. NIXSW practical implementation
and data analysis are so complex that the expertise is available only in a few synchrotrons around
the world. The data discussed in this dissertation has been acquired at the Diamond Light Source
(UK), beamline 109. The energy of the electron in the ring, excited by a 499.680 MHz radiofrequency,
is 3GeV [187]. The undulators of beamline 109 produce soft and hard X-rays from 100eV to
20keV |187].



3.2. NORMAL INCIDENCE X-RAY STANDING WAVES (NIXSW) 49

— Lab-based
—Synchtron

Normalised counts

404 403 402 401 400 399 398 397 396 395
Binding Energy (eV)
Figure 3.4: N 1s core-level photoemission spectrum of tetra(4-bromophenyl) porphyrin molecules

acquired with lab-based Al K, and synchrotron X-ray sources at Ep,;, = 600eV.

3.2.2 Working principles of NIXSW

X-ray standing waves arise from the interference between the normally incident radiation and the
wave reflected from the bulk of a perfect monocrystal when the light wavelength matches the crystal
layer spacing d (Figure ) This condition, called Bragg reflection or diffraction, is met only at
a specific photon energy, Bragg energy, under the assumption of no absorption. In a more realistic
situation, the standing wave field exists in a small but finite energy range due to multiple scatterings
(dashed line in Figure ) On the low-energy side of the reflectivity range, the wave has a nodal
plane on the atomic sites so that no absorption takes place (0.0A line in Figure ) On the
opposite side of the energy range, the antinodal planes align to the crystal layers minimising the
absorption of X-rays . As the energy sweeps through these extremes, the absorption decreases
to zero and reaches a maximum. Outside the reflection range, there is no significant change in
absorption and the reflectivity is normalised to unity.

An interstitial layer in the middle of two crystal planes exhibits a reversed absorption profile
(1.0A line in Figure ) The interstitial layer lies in an antinodal plane of the X-ray field at
the lower energy side of the range corresponding to a maximum in absorption. As the photon
energy increases, the absorption reaches zero. It is thus possible to reconstruct the position of the
interstitial layer compared to the crystal spacing from the absorption versus photon energy profile.

The X-ray absorption can be detected through the photoemission or Auger emission, providing
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Figure 3.5: (a) Diagram of NIXSW showing the X-ray standing waves field created by the super-
position of the incident and reflected wave on Au(111) with an adsorbate on top of the surface.(b)
Simulated photoemission intensity for a layer of adsorbate in different coherent positions. Panel b

is reproduced from [176].

chemical and surface sensitivity to the technique. It is thus possible to measure the position of
a given chemical species with respect to the surface (Figure ) once the correction for the
angular dependency of the emission is applied (further information on this topic is available in
reference ) Being a diffraction technique, NIXSW conveys information on the distribution of
atoms in space. Indeed, the photoemission intensity versus the photon energy curve is the Fourier

transform of the absorbate distribution in space p(r):

i27p gy d 27z
fme 4 :/ p(r)e 4 dz (3.5)
0

where py is the coherent position and fg is the coherent fraction. From the coherent position, the

position of the absorbates is derived
z=d-pg+n-pg n=0,1,23,.. (3.6)

The coherent fraction represents the fraction of elements in the same position. The value ranges
from 0 to 1, corresponding to all the adsorbates being at different or identical distances from the
crystal, respectively. When the same chemical species exhibit distinct adsorption geometries, the
coherent fraction and position measured are the sum of different vectors in the Fourier space. In
this case, the derivation of the adsorbate position from the coherent position is not straightforward

due to the interference pattern and assumptions are made to reconstruct p(z).
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Figure 3.6: SEM image of an AFM tip and cantilever (left) and a zoom-in of the tip (right). The

image is reproduced from [191].

3.3 Scanning Probe Microscopy and Atomic Force Microscopy

Scanning probe microscopy (SPM) is a widely-used tool in nanoscience and nanotechnology to
analyse the surface of materials down to the atomic level. It works by sensing the local interaction
between a surface and a probe. The first breakthrough happened in 1982 when Binning and Rohrer
invented the Scanning Tunnelling Microscope (STM) [189)]. This instrument images the tunnelling
current between a metal tip and a conductive surface. As STM is limited to conductive samples
only, Binnng and Gerber designed the Atomic Force Microscope (AFM) four years later [190]. This
instrument senses the force between a surface and a probe at the atomic scale. AFMs are nowadays
widely used for their versatility and adaptability. Furthermore, the probe can be modified to detect

specific interactions, such as electric, magnetic, and chemical forces.

3.3.1 Working principles of AFM

AFM consists of mapping the local properties of a surface through the interaction with the edge
of the tip (a few nm) hanging from an elastic cantilever (Figure[3.6). AFM is based on a feedback
system to keep a variable constant by adjusting another one, resulting in a map of the latter. For
example, the force acting on the tip is kept constant by changing the distance from the surface,
resulting in the topography map.

The first step in AFM measurement is sensing the force acting on the tip. The most common
approach is measuring the bending of the cantilever Az caused by the force acting on the tip from

Hooke’s law:

F =—kAz, (3.7)

where k is the cantilever spring constant. The tip and the cantilever displacements are at the
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nanometer scale, so the issue of measuring such small displacements arises. The most common
configuration exploits the reflection of a light beam onto a detector (Figure 3.7h). A laser is
positioned at the end of the flexible cantilever and is reflected onto a quadrant photodiode detector
(Figure ) The beam activates one photodiode, and the current flow is detected. As the tip-
sample interactions are negligible when the tip is far from the surfaces, the cantilever reflects the
beam in the centre of the detector. When the tip approaches the surface, the forces cause the
cantilever to bend (eq. . The reflected beam hits a different part of the detector, causing a
current to flow (Figure[3.7p). The out-of-plane forces (z-axis) cause a difference between the signal
of the two topmost photodiodes and the other two. The in-plane interactions torque the cantilever,
inducing a difference between the current of the right and left photodiodes.

A feedback system enables the control of the interaction. In the previous example, the force is
kept constant by adjusting the tip-surface distance. A voltage signal, controlled by the detector
current, drives the piezoelectric scanner that moves the sample closer or apart from the surface, as
shown in Figure |3.7pb.

In contact mode, the deflection of the cantilever is kept constant through a feedback system
that regulates the tip-surface distance. In contrast, the addition of a piezoelectric motor to drive
the cantilever motion enables the non-contact (dynamic) mode where the variables are the resonant

frequency and oscillation amplitude.

3.3.2 Forces involved in AFM

Figure[3.8h summarises the most common forces to consider when studying AFM dynamics. There is
a long-range attraction between the tip and the surface due to van der Waals forces, counterbalanced
by the short-range repulsion caused by the electrons overlapping. These interactions are the most
important factors involved in high-resolution AFM. Once the tip is in contact with the surface,
adhesion forces arise due to the sample’s response to the deformation induced by the probe. This
enables the measurements of the nano-mechanical properties of the surface as discussed in further
detail in reference [178]. Additionally, as a layer of water covers the samples in ambient conditions,
the tip experiences the capillary force of the liquid with two consequences. First, the force drags
the tip toward the surface during the approach causing the snap into contact when it exceeds the
restoring elastic force of the cantilever. Second, additional energy is needed to retreat the tip from

the surface due to the formation of a meniscus between the surface and the tip, resulting in a
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by the detector. Piezos, connected to the scanner and the cantilever, control the sample-tip and
cantilever motion, respectively. The feedback electronics connected to the AFM keep the system
stable during the measurements. (b) Schematic representation of the laser and the detector when
an out-of-plane (left) and in-plane (right) force acts. The four photodiodes are labelled 1,2,3 and
4. Panels a and b are reproduced from and , respectively.
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Figure 3.8: (a) A schematic description of the forces involved in AFM operations and measurements.
(b) Lennard-Jones potential, V7, s, as a function of the tip-surface distance z. Panel a is reproduced

from [177].

hysteresis phenomenon between approach and withdrawal. Though the capillary forces are relevant
to interpret the forces detected using an AFM in air, it disappears when the cantilever is immersed
in a liquid or kept in a vacuum.

In non-contact AFM, the excitation force driving the cantilever and the hydrodynamic damping
adds further complexity. The sum of these forces equals the cantilever restoring elastic force and
can thus be measured.

The dominating interactions between the tip and surface at nanometric separation are the
attractive van der Waals forces and the ionic and Pauli short-range repulsion. The former derives
from the dipole-dipole, dipole-induced dipole, and induced dipole-induced dipole interactions [22].
While van der Waals forces are always attractive and drag the tip toward the surface, the overlapping
of electron shells causes short-range repulsion due to the electrostatic interaction and the Pauli
exclusion principle. The sum of these interactions as a function of the distance z is modelled by

the Lennard-Jones potential (Figure ) with a well-depth e and zero-potential distance o:

Vi =el(2)2 = 2(2)°) (3.8)

van der Waals forces co-exist with other long-range interactions. In ambient conditions, the

probe interacts with the water layer that condenses on the surfaces. Furthermore, the medium
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affects the motion of the cantilever in non-contact AFM as it damps the oscillations or can screen

the electromagnetic interactions.

3.3.3 AFM modes

Contact mode

In contact mode, the force between the tip and the surface, or their relative distance, is kept
constant by adjusting the other. In the former case, the relative distance between the tip and the
surface z must change locally z = z(x,y). The value of z depends on the voltage of the feedback
electronics required to keep the force constant. In the latter case, z is kept constant through the
feedback system to keep the out-of-plane current at a fixed value. As such, the force acting on the
tip can be locally computed F' = F(x,y).

The tip can easily be damaged or broken due to surface-tip collisions in contact mode mea-
surements on rough surfaces. Additionally, the force applied might damage soft samples and the

molecular layers studied in this thesis.

Non-contact mode

Non-contact mode measurements overcome the contact mode issues by oscillating the tip away from
the surface. However, the mathematical description of the system becomes even more complicated
since the force depends on the displacement of the cantilever that changes over time. In the
non-contact AFM (NC-AFM) setting, frequency and amplitude modulation modes proved suitable
for molecular imaging as the lateral resolution is enhanced by the absence of contact with the
surface [164,/193,/194]. However, the time scale involved in the change of the amplitude in a vacuum
makes amplitude modulation (AM-AFM) impractical for high-resolution imaging. The tip and the
elastic cantilever form a complex oscillating system defined by a precise resonance frequency that
depends on the geometry and physical properties of the system. So, detailed modelling of the
system is required to compute it. This is a challenging mathematical problem as the resonance
frequency depends on the Young’s modulus, the cross-section, the density and the inertia moment
of the cantilever.

The frequency modulation mode consists of measuring the shift in the tip-cantilever resonant

frequency caused by force acting on it while keeping the amplitude constant through the feedback
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Figure 3.9: (a) The Lorentzian shape oscillation amplitude and the resonance frequency when no
forces act on the tip (red) and when the tip is interacting with the surface (blue). (b) (Top)
Schematic of an aryne molecule and (bottom) its frequency modulation AFM image. Panels a and

b are reproduced from [191]| and \\ respectively.
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Figure 3.10: (A) Schematic of a pentacene molecule, (B) STM image and (C and D) submolecular

resolution AFM of pentacene molecules on Cu(111). The image is reproduced from [193].

system [192]. It is worth noticing that z-dependent forces shift the resonance, while constant
ones modify only the equilibrium position m The amplitude profile versus the frequency has
a Lorentzian shape where the resonant frequency corresponds to the maximum amplitude (Figure
3.9R). The frequency shift, Af, is the difference between the resonant frequencies of the tip close
and apart from the surface. The result of a scan is map Af(z,y) as shown in Figure [3.9p.

The frequency shift conveys information on the surface-tip force . Frequency modulation
mode using a qPlus setup provided one of the first sub-molecular resolution images. In 2009, Gross
et al. showed the internal bonds of pentacene (Figure kept in UHV at 5K using a CO-
functionalised tip . The working principle of submolecular imaging with functionalised tips is
the measurement of the Pauli repulsion of chemical bonds with a probe smaller than the molecule
and highly flexible . The repulsion tilts the molecule highlighting the bond but exaggerates the
length and gives rise to spurious features that can be confused with intermolecular interactions .
However, lower energy features, such as inter-molecular interaction, cannot be detected since they
involve no electron delocalisation . Besides CO functionalisation, the attachment of other small

molecules to the probe enables atomic resolution [164].

In amplitude modulation mode the measurements are like the ones described in the previous

paragraph. However, the feedback system keeps the frequency constant while the oscillation ampli-
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tude changes [177]. The result is a map of the oscillation amplitude or the tip-surface distance such
that the force equals a set point. The amplitude modulation mode is suitable for high-resolution

images in air and liquids [192] but it is less used compared to frequency modulation.

Peak force AFM

FM-AFM is not suitable for achieving sub-molecular resolution in ambient conditions due to the
thermal gradients causing the tip-sample distance to change during the measurement. Furthermore,
there is no way to prevent the tip from breaking on rough surfaces or sharp features as it sits at a
constant height. Peak force (PF) or peak force tapping AFM could be used to achieve molecular
resolution in ambient conditions characteristic of FM-AFM. PF consist of driving the cantilever
oscillation away from the resonant frequency and moving the tip closer to the surface until the
force equals a setpoint. This process enables the exploration of different regions of the force-
distance curve with forces as low as 50 pN [195]. It is worth noting that, unlike FM-AFM, the tip
continuously moves from contact to non-contact, namely tapping. The low force protects the tip
from pushing too far into the surface during the approach resulting in damage and the adsorption
of atoms or molecules from the surface that would spoil the quality of the images. At the same
time, the low setpoint is suitable to probe the short-range repulsion analogously to FM-AFM with
a CO-functionalised tip. Additionally, PF enables the direct force measurement (Figure and
provides quantitative information about the surface, such as surface-tip adhesion and the local
Young’s modulus of the sample [195]. Moreover, setting the force as the feedback parameter and
the withdrawal following a sine wave (Figure increases the control over the tip, reducing the

damage and improving the resolution.

In the context of this thesis, PF is used to image molecular layers without damaging them.
Compared to previous studies, the work is carried out under ambient conditions to measure the

sample under more realistic conditions for their application, yet molecular resolution is achieved.
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Figure 3.11: A schematic representation of the tip trajectory (top) and the force-time (left) and
force-distance (right) curves measured when it approaches the surface (red) and withdraws (blue)

in air. The image is reproduced from [195].
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Figure 3.12: Schematic of film growth. (a) Volmer-Weber, (b) Straski-Krastanov, and (c) Frank-van

der Merwe.

3.4 Sample preparation

3.4.1 Thermal evaporation in UHV

Thermal evaporation under UHV conditions is an exceptionally clean way to prepare thin molecular
films, ranging from less than a monolayer to microns in thickness. It involves subliming a highly

pure molecular powder to form a beam of pristine molecules directed toward a surface.

The resulting film grows epitaxially in three possible ways depending on the surface energy of
the molecules and the surface, as shown in Figure If the surface energy of the molecule-surface
interface is lower than the molecule-molecule one, the molecules form a layer on the surface. This
growth process is named Frank-van der Merwe. If the molecules-molecules interface energy is lower
than the molecule-surface one, the molecules grow into clusters. This growth mechanism is named
Volmer-Weber. Between these two extremities, there is Straski-Krastanov growth. After forming
the first flat layer, the molecules grow into clusters as the molecule-molecule interface has lower
energy than the molecule-vacuum one. The 4-tetra(bromophenyl) porphyrin, used in this thesis,
grows into flat layers on Au(111) and on HOPG (Frank-van der Merwe) but into islands on mica
(Volmer-Weber).

Thermal evaporation requires special equipment to keep UHV conditions and clean substrate
to prevent any contamination. The UHV equipment used for this thesis (Figure consists of a
load lock and a main chamber pumped by a turbo and ion pump to maintain UHV (1071 mbar).
The load lock is regularly vented and pumped to mount a sample on the linear translator, which
is then moved into the main chamber to clean it or deposit molecules. Molecular cells enable the
thermal sublimation of the molecules. They are 2.5cm long tubes of borosilicate glass containing
the molecules, wrapped by a tantalum wire for resistive heating. A K-type thermocouple, composed

of a chromel and an alumel wire, is in direct contact with the glass to control the temperature.
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Figure 3.13: (a) Schematic of the UHV chamber used in this thesis. The chamber has a load lock
to load the sample evacuated by a turbo molecular pump. The sample is connected to a linear
manipulator to move it to the main chamber kept in a vacuum by an ion pump and isolated from
the load lock by a gate valve. The sample can be annealed in a heater and sputtered with an Ar

sputter gun. The molecules are stored in a molecular cell connected to a thermocouple.

After heating the cell and allowing for temperature stabilisation, the surface is rotated to face the
molecular cells for deposition.

To remove contaminations from the surfaces before the deposition, they are cleaned in different
ways. The highly oriented pyrolytic graphite (HOPG) and mica are exfoliated by scotch tape,
as they are layered materials. The Au(111) surface on mica undergoes two cycles of sputtering
at 510 x 1079 mbar for 20 minutes and annealing at 400°C for 30 minutes to clean it and form
atomically flat terraces. The results are clean surfaces, displayed in Figure that survive
ambient conditions and are resistant to oxidation, unlike other commonly used surfaces such as

silver and copper.

3.4.2 Plasma polymerisation

Plasma polymerisation is carried out in a custom build reactor (Figure , consisting of a glass

barrel (50cm x 10cm) clamped between two stainless steel plates used as ground electrodes. To
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Figure 3.14: AFM topographic images of (a) flat Au(111) on mica after two cycles of sputtering

and annealing, exfoliated (b) mica and (¢) HOPG under ambient conditions.

generate the plasma, a 13.56 MHz radiofrequency generator produces the electric field applied to
a copper wire wrapped around the barrel. The generator is connected to a matching network to
compensate for the source and load impedance imbalance and maximise power transmission. The
glass barrel is connected to a liquid nitrogen cold trap and a rotary pump to evacuate it (base
pressure 5 x 10~° mbar) as monitored by a Pirani gauge connected to an electrode attached to the
pump. The electrode not connected to the pump is equipped with a door to insert the substrates,
placed on a glass slide, into the barrel. In this thesis, the substrate sits 12 cm from the plate. 1g of
TEMPO is stored in a flask connected to the barrel by a needle valve and kept in a water bath at
25°C to improve the vapour pressure. Using the needle valve and a valve connected to the pump,
it is possible to control the monomer pressure.

To remove contaminations before the deposition, the silicon wafer is sonicated first in acetone
and then in propan-2-ol (IPA) for 5 minutes. Poly-tetrafluoroethylene (PTFE) sheets are sonicated
only in IPA. Au(111) on mica, HOPG and mica are treated as described in Section
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Figure 3.15: Schematic of a plasma polymerisation reactor. The reactor consists of a borosilicate
barrel wrapped with a copper electrode connected to the radio-frequency generator and matching
network. The sides of the barrel are enclosed by two grounded metal plates, one being connected
to the monomer flask via a needle valve, the other one being connected to a Pirani gauge and a
valve to the pump. The system is evacuated by a rotary pump connected to a cold trap filled with

liquid nitrogen. Figure courtesy of Dr Alexander J. Robson.



Chapter 4

Surface Directed Growth of a Stable

Free Radical Polymer Layer

4.1 Introduction

Nitric oxide (NO) plays an important role in several therapeutic processes, ranging from biofilm
inhibition [145] to cancer treatment [196]. However, NO inherent instability has sparked interest in
stable radicals with analogous behaviour, such as (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO).
TEMPO has been reported as effective in anti-biofouling applications [124,|125}146|,148,(153//197|
with its potential for use in chronic wound treatment also highlighted [125]. In high doses, TEMPO
is lethal to bacterial cells and biofilms [148|. In low doses, it mimics nitric oxide behaviour as a
signalling molecule able to induce biofilm dispersion, as discussed in Section [2.3.3] To use TEMPO
as an anti-biofouling agent effectively, the ability to coat the surface of a wide range of materials
and preserve the nitroxide moiety is required. Recently, plasma polymerisation has been shown to
fulfil these requirements [124L[125//129] and the low vapour pressure of the monomer imposes severe
limits on the thermal deposition in UHV, such as operating at cryogenic temperatures.

Although plasma polymerisation is considered a mature technology, many fundamental questions
remain around the initial growth stages, uniformity, and order within the polymer layers. The
resulting polymers are assumed to be disordered, with little resemblance to the monomer due to

fragmentation [119,198], as discussed in Section However, high monomer pressure and low power

64
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can reduce the damage |125}[127H129], improving functional group retention [1204/129], as discussed
in Appendix [A] These findings could be explained by assuming that the ions ’soft-land’ on the
substrate. Additionally, the flux of ions at the surface, consisting of mainly intact or protonated
monomers and dimers, is often sufficient to account for the whole of the mass flux [127H129|,
although there is a significant debate about this topic [120,/126]. High pressure and low power are
thus optimal conditions to deposit molecules as intact as possible to study their interaction with
the surface and the order of the polymer.

Furthermore, recent studies challenge the belief that plasma polymerisation is a surface-independent
process. The properties in the early stages of plasma polymerisation differ from thicker films in
terms of chemistry [122}/123,/155157], morphology [123}[156H158|, growth rate [158], and adhe-
sion [156}/159] because the monomers land on the pristine substrate rather than an already coated

polymeric layer.

The hypothesis that (1) plasma polymerisation is surface-dependent and (2) the substrate can
promote ordered growth by studying the early stages of TEMPO plasma polymerisation are tested.
This chapter presents the growth and characterisation of TEMPO plasma polymers (TEMPO pps)
on different substrates (HOPG, Au(111), SiO3, and PTFE). The chemical and morphological prop-
erties of TEMPO pps were compared at various stages of the growth (5, 300, and 600s) using XPS
and AFM, respectively. The order of monolayer coatings is controlled through annealing and it
is elucidated by comparing the experimental evidence with computational simulation performed
by Bashayr Alanazi, Renad Almughathawi, Dr Ismael Ali, and Prof Colin J. Lambert at Lan-
caster University. Finally, the anti-antibacterial properties of TEMPO molecules and TEMPO pps
are studied using colony-forming unit (CFU) assays and substantiated by electron paramagnetic

resonance spectra collected by Chris Cook at Lancaster University.

4.2 Methodology

4.2.1 Plasma polymerisation of TEMPO

Plasma polymerisation of TEMPO (Alfa Aesar, purity > 98%) is conducted using a borosilicate tube
reactor, as described in Section TEMPO plasma polymers are deposited on SiOy (Inseto),
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HOPG (Mickromasch), Au(111) on mica (Georg Albert PVD), and PTFE (Goodfellow), which are
placed on a glass slide 12 cm away from the electrode connected to the monomer flask. SiOy was
selected due to its frequent use in characterising plasma polymers. HOPG and Au(111) are both
atomically flat, but the former is chemically inert while the latter is reactive and typically utilised
for self-assembly [13]. PTFE is chosen due to its application in medical devices and implants, such
as catheters, where the antibacterial activity of TEMPO could be of interest.

After the reactor is evacuated to 5 x 107° mbar, the TEMPO pressure is adjusted to reach
0.1 mbar by partially closing the valve to the pump and keeping the monomer flask in a water bath
at 25 °C. Due to the low vapour pressure of TEMPO powders and the design of the plasma reactor,
stable pressure higher than 0.1 mbar could not be achieved. To test different stages of the polymer
growth, TEMPO polymerisation is carried out for 5, 300, and 600s after the plasma ignition at a
nominal power of 5 W. SiOs, HOPG, Au(111), and PTFE are coated simultaneously to prevent

inconsistencies.

4.2.2 XPS

All the measurements are performed using a Kratos AXIS Supra spectrometer with monochromatic
Al K, x-ray source, operating at 15kV, 15mA, and equipped with an electron gun for charge

neutralisation. The spectra are referenced to the C 1s peak centred at 285.0eV.

4.2.3 AFM

AFM measurements are acquired with a Bruker MultiMode 8 equipped with a Nanoscope V con-
troller in ambient conditions in an ultra-low-noise facility, IsoLab. The images are acquired in
PeakForce mode using NuNano Scout 70 probes with a resonant frequency of approximately 70 kHz
and nominal spring constant 2N m~! to minimise the interaction between the tip and the samples.

Scratch tests described below are conducted in contact mode using the same tips.

4.2.4 DFT simulations

DFT simulations are carried out by Bashayr Alanazi, Renad Almughathawi, Dr Ismael Ali, and Prof
Colin J. Lambert at Lancaster University. The optimal geometries of isolated TEMPO molecules

are obtained using the density functional code SIESTA through the relaxation of the molecules
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until all forces on the atoms were less than 0.01eVA . A double-zeta plus polarization orbital
basis set, norm-conserving pseudopotentials, and an energy cut-off of 3.401keV that define the
real-space grid are used and the local density approximation (LDA) is chosen to account for the
exchange-correlation functional. The results obtained with general gradient approximation (GGA)
are in agreement with those obtained using the LDA.

To calculate the optimal distance between any two TEMPO molecules or TEMPO-HOPG, DFT
and the counterpoise method are used, which removes basis set superposition errors. The optimal
distance, z, is defined as either the optimal TEMPO-TEMPO or TEMPO-HOPG separation. If one
of the entities (TEMPO or HOPG) is named entity A and the other (HOPG or TEMPO) entity B,
then the ground-state energy of the total system is denoted Eg‘g . The energy of each entity is then
calculated on a fixed basis, using ghost atoms in SIESTA, i.e. a basis set of functions that have no
electrons or protons. The energy of entities A and B in the case of the fixed basis is defined as EﬁB
and EﬁB , respectively. The binding energy is then the difference between the isolated entities and

their total energy when placed at a distance z apart, calculated using the following equation:
A(z) = E48 — E4P — E5P. (4.1)

It is widely accepted that carbon systems, such as TEMPO and HOPG, are sensitive to the
choice of density functional and it is important to consider the effect of van der Waals interactions
to study the absorption height and energy. Therefore, the simulations below are conducted using

GGA and Van der Waals functional and are found in agreement.

4.2.5 Bacterial attachment

To test the ability of TEMPO plasma polymers to prevent bacterial attachment, colony-forming unit
assays are conducted using the rapid biofilm-forming strain of S. epidermidis (RP62A). Bacteria
are first plated out onto a Columbia agar plate (CAP) and incubated for 24h at 37°C, then a
single colony is inoculated into 3 mL of nutrient broth and incubated for 24 more hours at 37 °C.
The bacteria solution is diluted to 1 x 105 CFUmL™'. The three treated and one control samples
are immersed in 1 mL of bacterial solution and incubated at 37°C for 1h. Similarly, three more
treated and one more control samples are incubated for 24 h. The samples are then washed with
1 mL of phosphate buffer solution (PBS) to remove planktonic bacteria and then sonicated in 1 mL

of PBS for 5min to detach the biofilm. After the solution is serially diluted from d = 107! to
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d = 1078, 20 pL of each dilution is inoculated into a Columbia blood agar (CBA) plate in triplicate
and incubated for 24 h at 37°C. The S. epidermidis colonies are counted to compute the average,
a, and the standard deviation. The number of colony-forming units per mL, C, is calculated using

the following equation:

- (4.2)

4.2.6 Electron paramagnetic resonance (EPR)

EPR spectra were collected by Chris Cook at Lancaster University using a Bruker EMX, x-band
spectrometer, with a centre field of 343.641 mT, sweep width of 40 mT, modulation frequency of
100kHz, and microwave frequency of 9.7 GHz.

4.3 Characterisation of TEMPO plasma polymers

4.3.1 Chemistry

The chemical composition of TEMPO pps is characterised using XPS with wide scan and high-
resolution measurements conducted on the same day of the deposition to minimise surface oxidation.
Figure shows typical wide scans for 5s, 300s, and 600s of polymerisation. After 5s of plasma
polymerisation (blue lines in Figure , the XPS spectra are dominated by Au 4f, C 1s, Si 2p, and
F 1s peaks of the substrates, indicating that the coatings are thinner than the XPS sampling depth
(= 10nm). However, trace amounts of nitrogen, oxygen and carbon were detected. The presence of
nitrogen suggests that after 5s the substrates are coated by a thin layer of TEMPO pp. Although
the detected oxygen and carbon could be assigned both to TEMPO and adventitious carbon, the
nitrogen peak suggests that the former scenario is more likely.

After 300s of plasma polymerisation (black lines in Figure , the peaks of the substrates
disappeared, except for SiOs, suggesting that the coatings are thicker than 10nm. However, the
background rises from 0 to 200eV on Au(111) and SiOs (Figure a and c), which could be
attributed to the bremsstrahlung effect caused by the underlying substrate. The spectra exhibit N
1s, O 1s, and C 1s as expected for TEMPO pps. After 600s, only carbon, nitrogen, and oxygen
peaks were detected, suggesting that the substrates were coated with a pinhole-free film thicker

than the XPS sampling depth.
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Figure 4.1: (a) Wide XPS spectra of TEMPO on (a) Au(111), (b) HOPG, (c) SiO2, and (d) PTFE

grown for 5s (blue line), 300s (black line) and 600s (red line).
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Figure 4.2: High-resolution XPS spectra of the TEMPO pps collected in the N 1s region after
(a) 5s, (b) 300s and (d) 600s of plasma polymerisation. Dashed lines indicate the approximate

positions of common environments.

The presence of nitrogen, detected after 5s deposition, indicates the formation of a thin film
during the early stages of plasma polymerisation. The chemical composition of TEMPO pps was
further examined using high-resolution measurements to gain a better understanding of the changes
that occur due to interactions with the substrates. In particular, the N 1s peak was studied to test
whether the NO functional group was retained as it is the biologically active part of the molecule.

Figure[f.2]and [£.3] present overlaid and fitted N 1s peaks, respectively. The dashed lines in Figure
indicate three common nitrogen environments, which were used for peak fitting in Figure
These three environments are the pristine molecule with the nitroxide functional group (NO), the
damaged molecule without the NO moiety (N), and the damaged molecule with the nitroxide group
replaced by a protonated amine moiety (NH;L) The peaks corresponding to N, NO, and NH;r
are observed at 399, 400, and 401.5eV and attributed to the nitroxide group, amines (primary,
secondary and tertiary), and protonated amine (NHJ ), based on previous works .

Samples exposed to 5s of TEMPO plasma exhibit an N 1s peak centred at 399.2eV on SiOs,
HOPG, and PTFE, attributed to an intense N and NO components with a tail at higher binding
energy because of the NH; environment (Figure 4.3h-d). This is consistent with previous observa-
tions . The N 1s spectrum on Au(111) is centred at 400.0 eV, suggesting an increased relative
abundance of NO in the TEMPO film, due to reduced molecular damage and higher functional
group retention. Based on the fitting analysis presented in Figure [1.3] and the assumption that the

methyl groups would provide a steric barrier for N-Au binding, an increase in NO retention is most



4.3. CHARACTERISATION OF TEMPO PLASMA POLYMERS 71

likely. Furthermore, the higher intensity of the N 1s peaks suggests that there is more TEMPO
on Au(111) compared to the other substrates. As the deposition time is the same, the growth on
Au(111) is faster. This observation is substantiated by AFM measurements discussed in Section
4.0.2

XPS spectra measurements were conducted on thicker TEMPO films that were deposited for
300s and 600s. The N 1s region shows a similar structure, with a higher NH2+ percentage observed
on SiO, and HOPG (Figure ,c). Conversely, the percentage of NO decreases in TEMPO pp on
Au(111), while increasing on all the other substrates (Figure [£.3p-i). The ratio between NO and N
components converges to 50 % suggesting that approximately half the nitrogen atoms are parts of
the nitroxide group (Figure [£.3).

Based on the N 1s spectra analysis, it can be inferred that the TEMPO plasma polymerisation
partially preserves the nitroxide functional group (NO component) of the monomer, with XPS
sensitivity limited only to nitroxide groups, and not nitroxide radicals. Furthermore, the substrate
influences the chemistry of the films during the initial 5s of deposition, leading to an increase in NO
retention on gold. After 300s, the nitrogen chemistry reaches convergence, although the coating

thickness remains substrate-dependent, as elaborated upon in Section [1.3.2]

4.3.2 Morphology

The morphology of the same TEMPO pps was characterised via AFM after 5s, 300s, and 600s of
polymerisation as shown in Figure The characterisation of coatings on PTFE was not feasible
due to the roughness of the substrate.

Figure [{.4h-c shows AFM measurements of TEMPO pps after 5seconds of growth on SiOs,
HOPG, and Au(111), respectively. Each pp exhibits a distinct morphology. On SiOy (Figure )
the polymer grows unevenly as TEMPO collects in small aggregates (the brown and yellow parts
of Figure ) The line profile shows that most of the surface has the same roughness as the
pristine SiOy (blue line) suggesting that there are no densely packed molecules while the height of
the aggregate is below 2nm. On HOPG, TEMPO pp (highlighted in orange in Figure ) covers
most of the substrate (highlighted in blue). The polymer forms large, flat islands, suggesting layer-
by-layer growth. The thickness of the islands is 0.6 + 0.2 nm and it is comparable to the monomer
dimension, indicating that the molecules form a monolayer. This topic is discussed in detail in

Section m The atomically flat Au(111) surface is completely covered by a conformal coating
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(Figure ), as suggested by the increase in roughness shown in the line profile. A scratch test was
conducted (the method is described in detail below) by operating the AFM at a high loading force
to measure the thickness. The layer is 3 £ 1 nm thick, exceeding the other coatings and supporting
the XPS results of accelerated growth on Au(111) (Figure [4.2). Despite numerous attempts, it was
not possible to prepare a sub-monolayer TEMPO pp on Au(111), likely due to the higher sticking
coefficient of Au(111) compared to SiOs and HOPG, and the difficulty in preparing a stable plasma

for deposition times shorter than 5 seconds.

After 300s of plasma polymerisation, variations in the morphology of TEMPO pps persist
(Figure —f). TEMPO forms bigger aggregates on SiOs, multilayer islands on HOPG, and a
continuous coating on Au(111). The AFM images share similar characteristics to 5s deposition,
suggesting that the initial monolayer primes the growth of subsequent layers during the early stages
of plasma polymer deposition. After 600s of plasma polymerisation (Figure —i), the morphol-
ogy converges across all the imaged samples, with comparable root mean square (RMS) roughness
of 276.5pm, 333.7pm and 288.9 pm for SiO2, HOPG and Au(111), respectively. The morphology
of TEMPO pps after 600s of deposition is comparable to previously published results [125]. The
convergence of both morphology and chemistry suggests that TEMPO coatings exhibit a transition

from substrate-dependent to ’substrate-agnostic’ around 600s of plasma polymerisation.

To determine the critical thickness such that coatings transition from being from substrate-
dependent to substrate-agnostic, a scratch test is conducted on the TEMPO pps that were deposited
for 600s, as shown in Figure The coatings on SiO2, HOPG, and Au(111) are scratched in a
2 x 2pm? area (Figure a-c) using the AFM in contact mode with a deflection setpoint as high
as 100nm. The samples are scratched in contact mode and imaged in PeakForce mode in steps
until the morphological features of the substrates are recovered, ensuring complete removal of the
polymer (insets in Figure [L.5). SiOs, Au(111), and HOPG are identified due to their smoother
surface compared to the plasma polymer and their distinct features, such as terraces on HOPG and
Au(111), and low roughness on SiOs. The thickness of TEMPO pps is estimated as the difference
in the height at the bottom of the pit and the unscratched layer displayed in the height histogram
derived from the AFM images (Figure —f). The additional peak associated with TEMPO at
the edges of the pit is not shown. The height is estimated as the centre of the peaks with half of
the full-width half maximum (FWHM) as the uncertainty. The difference between the centres of
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Figure 4.4: AFM topography images of TEMPO pp after 5s of deposition on (a) SiO2, (b) HOPG
and (c¢) Au(111), shown with line profiles comparing TEMPO layers (red trace) to the pristine
substrate (blue trace). AFM morphology images of TEMPO growth following 300s of deposition
on (d) SiOsq, (¢) HOPG and (f) Au(111). AFM images of TEMPO pps growth after 600 s showing
similar topography on (g) SiO2, (h) HOPG and (i) Au(111).
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Figure 4.5: AFM images of TEMPO pps deposited for 600s on (a) SiOs (b) HOPG and (c¢) Au(111)
after being scratched in contact mode. The insets (white borders) show the flat SiO5 substrate, a
HOPG step and Au(111) steps inside the scratched area. (d-f) Height histograms derived from the

figure (a-c), respectively, showing the thickness of the pps.

the peaks yielded the thickness of the polymer, and the sum in quadrature of the FWHM is the
associated uncertainty. Following this procedure, thicknesses of 30 +2nm, 28 +2nm and 35+ 2nm

were measured on SiOs, HOPG and Au(111) (Figure [£.5d-f), respectively.

The properties of TEMPO pps grown by plasma polymerisation exhibit a strong dependency
on the substrate in the first 30 nm. XPS reveals that the chemical composition is primarily affected
in the first layer of growth. Beyond this point, molecules exhibit a consistent chemical structure in
the N 1s region. AFM measurements reveal a significant variation in morphology up to a thickness
of approximately 30 nm. Beyond this critical thickness, the plasma polymers become substrate-
agnostic, converging to a flat, uniform layer of comparable roughness. These findings suggest that
the substrate-TEMPO interaction is persistent during the early stages of growth, and it is completely
screened when the pps reach a thickness of 30 nm. Moreover, the results after 5s of deposition on
HOPG indicate that it is possible to produce TEMPO monolayers using plasma polymerisation.
This possibility is further explored below and may be applicable to growing molecular layers from

liquid organic monomers that are incompatible with ultra-high vacuum conditions.
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4.3.3 Order in TEMPO monolayers

The results obtained from the TEMPO pp grown by plasma polymerisation on HOPG after 5s
(Figure ) are of great interest due to the uniformity of islands’ height, suggesting the ordered
arrangement of molecules, unlike on SiOs. Additionally, the height of 0.6 + 0.2 nm is comparable
to the dimensions of the monomer, indicating that it is indeed a monolayer. These observations
led to the testing of the possibility to control the molecular ordering of TEMPO pp on HOPG
by annealing the samples under atmospheric conditions at 50 °C. This temperature is above the
melting point of the monomer, 34°C, and it is likely to remove the surface coating unless the
molecules are cross-linked. Therefore, annealing at 50°C is sufficient to provide energy for the
TEMPO monolayer to reach the minimum energy configuration.

AFM images of TEMPO monolayer on HOPG before and after annealing are shown in Figure
Before annealing (Figure[d.6h), the molecular layer (highlighted in orange in the figure) does not
cover the entire HOPG substrate (highlighted in blue). The height of the molecules was measured
by fitting the height histogram of the images within a single terrace to avoid any artefact due to
the step edge of HOPG (Figure ) The graph displays two peaks corresponding to the top of
the TEMPO layer and the substrate. The layer thickness was measured as the distance between
the centres of the two Gaussian distributions with the sum in quadrature of the standard deviation
as uncertainty (analogously to the method of scratch testing). The thickness of the TEMPO layer
before the annealing is 0.6 £ 0.2 nm as shown in Figure [{.6F. After annealing the sample at 50°C
for 30 min, the TEMPO layer exhibited a similar morphology (Figure [4.6b), but the height was
found to increase to 0.9 &+ 0.1 nm.

XPS data of the same samples, collected in the N 1s region, (Figure indicated that there
was no significant difference in the area under the peak and the binding energy. As the layer is
thinner than the XPS sampling depth, these spectra imply that the amount of TEMPO on the
surface remained unchanged, suggesting that the molecules are at least partially cross-linked and,
thus, not volatile.

The increase in height combined with the absence of molecular desorption suggests that anneal-
ing the sample induced a change in the ordering of the TEMPO molecules in the layer. It is likely
that the arrangement of TEMPO molecules was affected by the electric field during the process
of plasma polymerisation (see Section and Appendix [A| for further details) and changed upon

annealing as the system had enough energy to reach the equilibrium position in the absence of
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Figure 4.6: AFM images of TEMPO pp deposited on HOPG (a) before and (b) after annealing at
50°C for 30 min under atmospheric conditions. The corresponding height histograms, before and
after annealing, are shown in panels (¢) and (d). Height histograms are analysed within a single

terrace and are fitted to two Gaussian distributions to measure the layer thickness for each sample.

external perturbations.

These observations are further discussed within the context of computational modelling per-
formed by Bashayr Alanazi, Renad Almughathawi, Dr Ismael Ali, and Prof Colin J. Lambert at
Lancaster University. Although the author of this thesis did not perform any calculations, this
work was a collaboration to explore the properties of TEMPO pp. It is, hence, worth presenting
the results as they shed light on the experimental evidence. The study used DFT and counterpoise
methods to investigate the behaviour of two TEMPO molecules, taken as a representative of the
whole plasma polymer, assuming that monomers constitute most of the mass flux to the surface. In
reality, the plasma polymerisation process generates a mixture of molecular species with a varying
degree of resemblance to the monomer and cross-linking. However, mass spectrometry of TEMPO
shows that the plasma conditions used in this thesis mainly produce a flux of pristine or proto-
nated monomers with a relatively marginal contribution of damaged molecules [129]. Although the
modelling does not capture the complexity of the TEMPO plasma polymerisation, it can still be
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Figure 4.7: High-resolution N 1s XPS spectra of TEMPO on HOPG at 25°C (circles) and after
annealing at 50 °C for 30 minutes under atmospheric conditions (diamonds). Dotted lines indicate

approximate positions of common environments.

considered a reasonable approximation.

First, the interaction between two isolated monomers was explored by comparing two orienta-
tions: parallel and anti-parallel NO groups as shown in Figure [f.8h. The latter was found to be the
most energetically favourable due to the interaction between the dipole moments of the nitroxide
groups no matter the lateral separation between the molecules. Additional simulations indicated
that the TEMPO-TEMPO interaction is stronger than the TEMPO-HOPG interaction (Figure
) in the range of distance studied, suggesting that the substrate does not affect the anti-parallel
orientation. Consequently, the lateral separation between the molecules is kept constant and a
thousand different configurations of two anti-parallel TEMPO molecules on the HOPG surface
were explored as shown in Figure [£:8c. The lowest-energy configurations are presented in Figure
[438d. The upright configuration was identified as the most energetically stable, while the tilted
orientation was found to be a local minimum. The height of the two configurations, measured from
the top of the HOPG carbon to the top of the oxygen of TEMPO, was determined to be 0.87 nm
and 0.65 nm, respectively. These values are directly comparable to the AFM measurements. There-
fore, the monolayer 0.6 + 0.2nm in height observed before the annealing in Figure [£.6] is assigned
to the tilted configuration; the TEMPO molecules after annealing are likely to stand upright as
their height is 0.9 £ 0.1 nm and matches the simulated upright configuration. The transition from

the tilted to the upright configuration suggests that the minimum energy configuration was prop-
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erly identified by the simulations. In conclusion, these results demonstrate that annealing allows
the ordering of TEMPO pp to be controlled and that ordered molecular layers can be deposited
by choosing the substrate for the plasma polymerisation process, contrary to the assumption that

plasma polymers are always disordered.

4.4 Anti-microbial properties of TEMPO

TEMPO anti-microbial properties are tested using colony-forming unit (CFU) assays after inoc-
ulation with a rapid biofilm-forming strain of S. epidermidis (RP62A) for 1 and 24h to assess
the inhibition of the bacterial attachment and biofilm formation, respectively, as described in Sec-
tion Four different kinds of samples, deposited onto 0.5 x 0.5cm? PTFE sheets sterilised in
ethanol 70%, are tested: (1) TEMPO polymerised for 50 min at 0.1 mbar and 5W (TEMPO pp),
(2) TEMPO molecules absorbed on PTFE from the exposure to the monomer vapour for 50 min
at 0.1 mbar. Additionally, two samples consisting of TEMPO pps loaded with TEMPO molecules
are prepared. (3) TEMPO molecules are absorbed on TEMPO pp produced by 5 steps of 10 min
of plasma polymerisation at 0.1 mbar and 5 W followed by 10 min of exposure to TEMPO vapour
at 0.1 mbar, namely vapour sample. (4) TEMPO powders (< 0.1 mg) are melted on TEMPO poly-
merised for 50 min at 0.1 mbar and 5W and pumped at a pressure of 5 x 10~° mbar for 10min
to remove the molecules that are not embedded into the polymer, namely powder sample. The
performances of these samples are compared to controls consisting of a 0.5 x 0.5 cm? PTFE sheets

sterilised in ethanol 70%.

The results of the CFU assays are shown in Figure TEMPO pps perform worse than
the PTFE control after 1h and 24h (Figure [4.9p). The concentration of colony-forming units of
the control, c., and the sample, c,, after 1h and 24h are c. = (1.5 + 0.7) x 103 CFU mL ™! and
cs = (114£5)x10° CFUmML ™, ¢, = (1.740.2) x 107 CFUmL " and ¢, = (12+2) x 10" CFUmL ™!,
respectively. The results suggest that TEMPO pp is significantly worse than the control in inhibiting
the bacteria attachment, likely due to the loss of the nitroxide radical during plasma polymerisation
and the enhanced adhesion of bacteria caused by the reduced hydrophobicity of the pp compared
to PTFE as reported in the literature [199%/200].

TEMPO molecules absorbed on PTFE (Figure [{.9p) exhibit an anti-biofouling behaviour as the
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Figure 4.8: (a) Simulated energy, A, as a function of the distance, z, between two TEMPO molecules
(red=oxygen, blue= nitrogen, grey=carbon, white = hydrogen) in a parallel (blue) and anti-parallel
(orange) configuration. (b) Simulated energy, A, as a function (orange) of the lateral distance
between two TEMPO molecules in the anti-parallel configuration and (black) of the vertical distance
between TEMPO and a graphite surface. (¢) Schematic diagram of two TEMPO molecules -graphite
interaction. (d) van der Waals 3D energy spectrum of TEMPO-graphite interaction. 1, 2 and 3
minima are the most energetically favourable orientations between the TEMPO molecules and

HOPG. Figure courtesy of Dr. Ismael Ali.
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sample shows a significant reduction of colony-forming units compared to the control. After 1h and
24 h the control and samples colony-forming unit concentrations are ¢, = (6.3+0.7) x 10 CFU mL™*
and ¢, = (34£1) x 10> CFUmL ™, ¢, = (25+4) x 10 CFUmL " and ¢, = (4+1) x 10 CFUmL ™!,
respectively. TEMPO molecules absorbed on PTFE exhibit an anti-microbial behaviour as reported
in the literature [146,/153]. The presence of TEMPO on PTFE before the CFU assay is confirmed
by the XPS spectrum collected in the N 1s region shown in Figure Furthermore, the XPS
data suggests that TEMPO molecules form a layer approximately 1nm thick on PTFE. Given the
small quantity of molecules absorbed on PTFE, the anti-microbial activity detected with the CFU
assay is significant.

TEMPO pp is then used as a matrix to load TEMPO molecules. The vapour sample performs
as the control PTFE in the CFU assay (Figure ) After 1h and 24h the control and samples
colony-forming unit concentrations are ¢, = (1.6 & 0.2) x 10* CFUmL ™" and ¢, = (1.3 4+ 0.3) x
10*CFUmML ™, ¢, = (10 + 1) x 10CFUmL ™" and ¢, = (13 £ 6) x 105 CFUmL ™!, respectively.
Analogously to the vapour sample, the powder sample performs as the control PTFE in the CFU
assay (Figure ) After 1h and 24 h the control and samples colony-forming unit concentrations
are ¢, = (2.5 4+ 0.4) x 10*CFUmL ™" and ¢, = (2.1 +0.5) x 10*CFUmL™, ¢, = (1.7 £ 0.1) x
107 CFUmL ™! and ¢, = (1.2 £0.2) x 107 CFUmL ™!, respectively.

The results suggest that embedding TEMPO molecules improves the performance of the poly-
mer. However, the anti-microbial properties of the sample are still worse than pure TEMPO
molecules. This difference is assigned to the preferential attachment of S. epidermidis to the hy-
drophilic TEMPO pp compared to the hydrophobic PTFE [199,200]. The XPS spectra of TEMPO
pp and the vapour samples collected in the N 1s region (Figure suggest that there is no
significant difference between them, thus little TEMPO molecules are absorbed into the surface of
the vapour sample. These results highlight the limited absorption of TEMPO molecules into the
plasma polymer.

To assess the presence of the nitroxide radicals, which is the biologically active part of the
molecules, electron paramagnetic resonance (EPR) spectra of TEMPO vapours absorbed on PTFE
(Figure 4.11p) and TEMPO pp produced at 0.1 mbar and 5 W (Figure |4.11p) are acquired by Chris
Cook at Lancaster University. The spectrum of TEMPO vapours absorbed on PTFE shown in
Figure exhibits six sharp peaks. They are the fingerprints of TEMPO radicals [124]. On
the other hand, the spectrum of TEMPO pp shown in Figure [£.IIp exhibits three sharp peaks
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and it is remarkably different from the previous one, indicating that TEMPO pp contains little or
no nitroxide radical. It is likely that the NO radicals, the biologically active part of TEMPO, do
not survive the plasma environments used to create the polymer, explaining the absence of anti-
microbial properties. On the contrary, the anti-microbial activity of TEMPO vapour absorbed on

PTFE is substantiated by the presence of pristine nitroxide radicals.

In conclusion, the CFU assays show that TEMPO molecules are more effective against S. epi-
dermidis biofouling compared to PTFE and TEMPO pp due to the presence of nitroxide radicals
that are not detected in the plasma polymer, as substantiated by EPR data. This result is in dis-
agreement with the study of Michl and coworkers that shows an anti-bacterial activity in TEMPO
pp |125]. The difference could derive from the lower retention of undamaged TEMPO molecules due
to the parameters used for the plasma polymerisation and the design of the reactor, a well-known
issue in the context of plasma polymerisation [136]. However, TEMPO pp can be used as a matrix

to absorb TEMPO molecules, improving the performance to the same level as the control.

4.5 Conclusions and future work

In this chapter, the hypothesis that the early stages of TEMPO plasma polymerisation are affected
by the substrate was tested by depositing TEMPO plasma polymers on HOPG, Au(111), SiO,,
and PTFE for 5, 300, and 600s. The results revealed a transition of morphology and chemistry
from surface-dependent to surface-agonistic at approximately 30 nm of thickness. XPS data in-
dicated that the interaction with the surface affects the chemistry of the monomer, resulting in
increased retention of NO on Au(111). AFM images showed significant differences in the morphol-
ogy of TEMPO pps on HOPG, Au(111), and SiOs after 5s, which affected the growth up to 30 nm.
Therefore, these results provide evidence that the substrate is an essential factor in the early stages

of plasma polymerisation.

The observation of monolayer films of TEMPO on HOPG with different heights of 0.6 £ 0.2 nm
and 0.9 4+ 0.1 nm before and after annealing, respectively, prompted further investigation into un-
derstanding the molecule’s ordering. DFT simulations of TEMPO on HOPG revealed that the NO

functional group orientation is anti-parallel due to the dipole moment of the oxygen unpaired elec-
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Figure 4.9: Colony forming unit assay after 1 h and 24 h of incubation in S. epidermidis solution of
(a) TEMPO pp deposited on PTFE for 50 min at 0.1 mbar and 5W, (b) TEMPO vapour absorbed
on PTFE for 50 min at 0.1 mbar, (c) TEMPO vapour absorbed on TEMPO pp produced by 5 steps
of 10 min of plasma polymerisation at 0.1 mbar and 5 W followed by 10 min of exposure to TEMPO
vapour at 0.1 mbar. (d) TEMPO powders (< 0.1 mg) melted on TEMPO polymerised for 50 min at
0.1 mbar and 5 W and pumped at a pressure of 5 x 1072 mbar for 10 min. Sterilised pieces of PTFE
are used as the control in each case. The results are shown as mean (n = 9 for samples, n = 3 for

control), and bars represent the standard error of the mean.
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Figure 4.10: High-resolution N 1s XPS spectra of (blue dots) TEMPO pp deposited on PTFE
for 50min at 0.1 mbar and 5W, (red squares) TEMPO vapour absorbed on PTFE for 50 min at
0.1mbar, (orange diamonds) TEMPO vapour absorbed on TEMPO pp produced by 5 steps of
10 min of plasma polymerisation at 0.1 mbar and 5 W followed by 10 min of exposure to TEMPO

vapour at 0.1 mbar.
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Figure 4.11: EPR spectra of (a) TEMPO vapours on PTFE and (b) TEMPO pp on PTFE produced
at 0.1 mbar and 5 W. Figure courtesy of Chris Cook.
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tron and the molecules can stand upright or tilted. These findings demonstrate that it is possible
to deposit ordered molecular layers with a low degree of damage with plasma polymerisation, a
feat not previously demonstrated. This possibility is relevant for the growth of molecular layers
from liquid organic monomers incompatible with ultra-high vacuum methods. Furthermore, the
study demonstrated the potential to control the order of TEMPO pp by annealing, contrary to the

widespread assumption that plasma polymers are inherently disordered.

Finally, the anti-microbial activity of TEMPO pp, molecules, as well as the molecules absorbed
into a TEMPO pp matrix was tested. The results show that TEMPO molecules on PTFE ex-
hibit a significant anti-bacterial activity. However, TEMPO pp performs worse than the control,
indicating that the active component of the monomer, the nitroxide radical, is lost during plasma
polymerisation, as confirmed by EPR measurements. A possible strategy to improve the retention
of nitroxide radicals in the plasma polymer consists of increasing the TEMPO pressure during the
polymerisation process by heating the vial containing the monomer above 34°C to melt it. Ad-
ditionally, a pulsed plasma could improve the anti-microbial properties by trapping free TEMPO
molecules during the growth of the polymer. While loading TEMPO molecules into TEMPO pp
provided some improvement compared to pp alone, the performances are still inferior to those of
pure TEMPO molecules. Other strategies to incorporate TEMPO molecules into the TEMPO pp

could be devised, such as immersing the polymer into a TEMPO water solution.



Chapter 5

Isomerisation of Cus|O9],, AQCs

5.1 Introduction

Atomic quantum clusters (AQCs) are assemblies of 2 to about 50 atoms [70] with sub-nanometric
or nanometric dimensions. Noble metal AQCs have drawn significant attention as efficient catalysts
due to high selectivity and activity in several reactions [9,67-70], including C-C coupling [70L{102],
C-N, P, O, S bonding reactions [201], CO oxidation [84}92|, and water splitting [L03|. The catalytic
activity of AQCs derives from the low coordination of the atoms and the high surface-to-volume
ratio. The confinement of the atoms within the clusters in sub-nanometric or nanometric dimensions
results in molecular-like electronic states with a HOMO-LUMO gap dependent on the atomicity |82
that can be tuned to catalyse specific reactions |82,/83]. This topic is discussed in more detail in
Section [2.21

Density functional theory (DFT) calculations show that noble metal AQCs of a few atoms
exhibit 3D and 2D isomers [105],/107H109] with different electronic properties and catalytic activity
[90,110H112] due to the localisation of the molecular orbitals in different parts of the AQCs [111] and
different band gaps [82]. However, experimental characterisation of these isomers is sparse [64,202]
due to the challenge posed by the sub-nanometric dimensions [81,/106]. The properties of AQCs
can be better studied if they are supported by a surface since a host of high-resolution techniques is
available. In particular, scanning probe microscopy (SPM) [106,(202,203| has been shown to provide

detailed structural information down to the single atom level and X-ray photoelectron spectroscopy

86
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(XPS) gives access to the chemical composition of AQCs [841[92].

Cus AQCs are predicted by DFT calculations to have 2D and 3D isomers [105|112H114], which
are expected to have a significant effect on the catalytic performances. The 2D structure is the
most stable configuration in gas phase [112] and potentially when supported on a surface [65], but
experimental confirmation is lacking. The isomers of Cus|[Os],, supported by an Au(111) surface
are thus investigated in Section using AFM, NIXSW, and the results are compared to DFT
simulations performed by Dr Qingging Wu and Prof Colin J. Lambert at Lancaster University.
Furthermore, the oxidation state of Cus[Os],, synthesised via electrochemistry method [65] is still
debated [65,/116]. This question is addressed in Section through XPS measurements of the
Cu 2p core-level photoemission spectra and LMM Auger peak. Additionally, the unique proper-
ties of normal incidence X-ray standing waves (NIXSW) are used in Section to study the
isomerisation of Cuz[Oz2], AQCs before and during the debromination of tetra (4-bromphenyl) por-
phyrin (BrsTPP) molecules on Au(111). Indeed, NIXSW has been successfully used to measure the
absorption height of molecules down to tens of picometers [184,185l204] by combining X-ray absorp-
tion and XPS. It also provides information on the uniformity of the absorption height [176]. Thus
NIXSW offers the possibility to characterise the structure of AQCs with sub-nanometric resolution

and correlate it with the chemical information.

5.2 Methods

5.2.1 Sample preparation

A high mosaicity Au(111) crystal used for NIXSW experiments performed at the Diamond Light
Source and Au(111) on mica used for AFM measurements were both prepared by standard sputter-
annealing cycles as described in Section Cu;[O2],, AQCs, prepared following a previously
reported method [65], were deposited as 4mgL~! solutions in Milli-Q water. The AQCs enclosed
in a vial were first dispersed by ultra-sonication for 10 min in a water bath with a probe sonicator
and then spin-coated on the Au(111) for 10s at a speed of 500 RPM followed by 10s at a speed
of 2500 RPM. Br,TPP molecules were deposited via thermal sublimation in UHV (better than
1072 mbar) as discussed in Section
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5.2.2 XPS and NIXSW

Lab-based XPS data is acquired using a Kratos Analytical AXIS Supra spectrometer with a
monochromatic Al K, 1486.6 eV X-ray source, operating at 15 mA, 15kV and equipped with an elec-
tron gun as charge neutraliser. Synchrotron light XPS data are collected at Diamond Light Source,
beamline 109. 109 features a soft X-ray undulator, used for the acquisition of high-resolution Cu 2p,
Br 3p, N 1s, C 1s, and a hard X-ray undulator, used for XSW measurements at the Au{111} Bragg
energy of 2.6386 keV as measured from the reflectivity curve acquired at 77 K. The binding energy
of the lab-based and synchrotron-based spectra are referenced to the Au 4f7/; peak at 84.0eV and
Fermi edge of gold at 0eV, respectively.

5.2.3 AFM

AFM measurements are acquired with a Bruker MultiMode 8 equipped with a Nanoscope V con-
troller in ambient conditions in an ultra-low noise facility, IsoLab. The samples are scanned in
PeakForce tapping mode using NuNano Scout 70 probes with a resonant frequency of approxi-
mately 70kHz and nominal spring constant 2Nm™! to minimise the interaction between the tip

and the samples.

5.2.4 Simulations

Geometrical optimisations and Bader charge calculations of Cuz[Oz],, on a non-reconstructed Au(111)
surface were carried out by Dr Qingqing Wu and Prof Colin Lambert at Lancaster University using
VASP 5.4.4 DFT codes at two levels of exchange-correlation functionals. The first one is based
on the van der Waals density functional with the optimised PBE exchange functional (optPBE-
vdWDF) [205,/206], the other is based on the spin-polarised Perdew-Burke-Ernzerhof (PBE) calcu-
lation plus the Becke-Jonson damping function in Grimme’s D3 method [207] to include van der
Waals corrections. Bader analysis method was applied to the results of spin-polarised calculation for

atomic charge distributions [208-210]. The optimised structures are displayed using VESTA [211].
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5.3 Results

5.3.1 2D or 3D isomer of Cu;[0;], AQCs?

Simulations suggest that Cus; AQCs in gas phase exhibit a 2D and 3D isomer, the latter being the
most energetically favourable [65,/105,112H114]. In reality, the synthesised copper AQCs are not in
gas phase but dispersed in solution or supported by a surface and, additionally, they are protected
by an oxygen layer. These additional interactions could potentially affect the chemical composition
and structure. Here, the isomers of Cus|Oz],, supported on Au(111) surface are studied using AFM

and NIXSW measurements and compared to DFT simulations.

Structural properties

The structure of 2D and 3D Cus[O2]; AQCs on a non-reconstructed Au(111) surface, calculated
using DFT, is shown in Figure and b, respectively. The optimised structure of 2D Cus[O2]y
shows that the height of the copper atoms above the surface is approximately constant, although
it increases by 0.2 A from left to right due to the weakening coupling between atoms in the cluster
and gold substrate originating from the partial charge transfer to oxygen dimer from the right Cu
atom [212]. No stable 2D isomers with more than one oxygen molecule are found. In the case of
the 3D configuration shown in Figure [5.Ib all the atoms sit at different heights above the surface
with a copper atom on top of the cluster.

To experimentally determine the structure of the AQCs, they are spin-coated on an Au(111)
surface at different rotational speeds in a two-step process, known to promote even drying and
improve uniformity |[213-215]. Among the different parameters used, only 10s at a speed of 500 RPM
followed by 10s at a speed of 2500 RPM results in an ordered arrangement of Cus[Os],,, whose
height can be reliably measured, as shown in Figure . Cus[02], AQCs form stripes arranged
in a zig-zag pattern. The edges of the stripes, shown in Figure [5.1d, are blurred while the gold
step edge is not, suggesting the clusters are diffusing and, hence, are not strongly interacting with
each other or the gold surface. The average height of the AQCs in the stripes, shown in Figure
, is z = 2.3+ 0.3A. Furthermore, the line profile in Figure shows that the stripes are
approximately 5 nm apart and there is a 0.1 A dip in the centre of each of them. These features are
the fingerprints of the 22 x /3 herringbone reconstruction of the Au(111) surface [216], indicating
that the AQCs preferentially bind in between face centred cubic (fcc) regions and on top of the
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Figure 5.1: DFT simulation of (a) 2D and (b) 3D isomers of Cus[O2], on an ideal Au(111) surface.

(¢) AFM wide scan of Cus[Os], on Au(111) with (d) a small scan and (e) the corresponding line

profile. (f) AFM wide scan of Cus[O2],, after baking in the load-lock of the UHV chamber at 110°C

for 16 h. Panels a and b are courtesy of Dr. Qingqging Wu, panel d is courtesy of Leonardo Forcieri.

hexagonal close-packed (hcep) regions, as it is a highly reactive part of the surface.

Before conducting experiments in UHV such as NIXSW, the gold surface with the clusters needs
to be baked to remove the water layer forming on it in ambient conditions, potentially disrupting
the ordered structures of Cus[Oa],,. Figure shows that the stripes of AQCs survive the process
of baking the gold surface on a sample plate 110 °C in the load-lock of the UHV chamber described
in Section B.4.1] for at least 16 h.

Identification of 2D Cu;[0s],, isomers

The information provided by the AFM is limited to small areas that might not be representative
of the whole sample. Therefore, to provide more confidence in the results, NIXSW measurements

are conducted at Diamond Light Source (beamline 109) since it is widely recognised as the most
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accurate and precise method to determine the adsorption height in monolayers [176,[204,217]. After
spin-coating the AQCs on a high mosaicity Au(111) monocrystal following the method described
above, the sample is cooled to liquid nitrogen temperature of 77 K for the NIXSW measurements.
The position of the AQCs with respect to the non-reconstructed Au(111) surface, z, is schematically
shown in Figure[5.2h. X-ray standing waves (XSW) with the same periodicity of the bulk Au(111)
layer stacking, dy11, are generated by tuning the photon energy to match Au{111} Bragg energy
of Eprage = 2.6386keV (Figure ) The photoelectron intensity (relative adsorption) strongly
depends on the adsorption height of the AQCs, such that an exact height above the Au(111) surface
can be determined as described in Chapter

The photoemission peak from the Cu 2pg/, core-level (Figure ) is measured in different parts
of the sample at different photon energies sweeping through the total reflectivity range between —5
and +6eV of Eprags. The resulting NIXSW profile, shown in Figure , represents the change
in the intensity of the Cu 2p3;; photoemission as a function of the energy of the X-rays. The
profile is best fitted to a coherent fraction and position of F'¢ = 0.83 £+ 0.08 and Pc = 0.95 + 0.04,
respectively. The high coherent fraction indicates that most of the AQCs are at the same height
above the Au(111) surface [176] consistent with AFM images, suggesting a uniform arrangement
of Cus[Og],, across the whole sample. Furthermore, this value of the coherent fraction indicates
that the clusters are in a 2D configuration [218]. Indeed, if the AQCs were 3D (Figure [5.1p), the
copper atoms would sit at remarkably different heights, resulting in a low coherent fraction [176].
For example, just two separate adsorption heights result in a Fe¢ < 0.6 |[185]. The height of the
AQCs is calculated from the coherent position and dy1; = 2.355 A |219] using equation resulting
in z=22+0.1A. This calculation is based on the assumption that n = 0, as n = 1 would result
in z = 4.5+ 0.1 A, which is completely different from the AFM measurements. Furthermore, the
value obtained assuming n = 0 is more reasonable as it ranges between the spacing of the planes
of Au(111) and Cu(111) bulk crystals [219]. The height derived from NIXSW measurements is
the distance from a non-reconstructed Au(111) surface but the AFM measurements show that the
AQCs align preferentially with the herringbone reconstruction which is at most 0.1 A higher than
the ideal surface. Hence, z is corrected by subtracting 0.1 A, resulting in z = 2.1 £ 0.1A. The
intense photon flux of the synchrotron light can cause damage to the sample. However, the Cu
2p3/ core-level photoemission peaks collected before and after the NIXSW measurements shown

in Figure 3.5 exhibit no changes, suggesting that the AQCs are undamaged.
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In conclusion, the NIXSW measurements of the height of the clusters are in excellent agreement
with the AFM data. Additionally, the high coherent fraction suggests that most of the copper

atoms are at the same height indicating that the AQCs assume the structure of the 2D isomer.

Chemical composition

To determine the chemistry of the Cus[Os], AQCs on Au(111) and establish a benchmark to char-
acterise them during the catalytic activity in Section the AQCs are spin-coated on Au(111)
on mica and analysed with XPS. Furthermore, DFT simulations suggest that oxygen molecules
from a capping layer around the cluster [220] might influence their chemistry but the presence has
not been experimentally confirmed yet.

Figure [5.3h shows the Cu 2p core-level photoemission spectrum exhibiting a sharp doublet
with Cu 2p; /5 and Cu 2p3/, components centred at 952.2 and 932.5eV, respectively, and a weak
shake-up feature around 945eV. The position of the Cu 2p peaks is consistent with previous
findings |65,116}[221] and rules out the Cu*? oxidation state |183], but it is insufficient to reliably
distinguish between the Cut! and Cut? states due to the small energy difference of 0.2eV [183]. To
differentiate between the two oxidation states of copper, the Cu LMM Auger peak is measured as it
is more sensitive to the bonding environment than the Cu 2p core-level [183]. Figure shows a
sharp Cu LMM peak centred at a kinetic energy of 918.4 eV with a smaller and broader peak between
920 and 922eV. Any contributions from the Au(111) surface are ruled out as it does not exhibit a
sharp peak in the same region, as shown in Figure |5.3c. However, the contribution of the substrate
dominates in the region between 912 and 917eV. A survey of the existing literature suggests that
the Cu 2p and Cu LMM peak position shift depending on the size of the AQCs and the substrate
they are supported by but no data are provided for Cus supported on Au(111) [222]. The position
of the LMM peak is in agreement with the value reported for copper Cu™® films [183,223,224] and
bulk crystals |[222]. However, the shape of the Auger peak is more in line with Cu™. Based on
the experimental observations, an oxidation state between Cut® and Cu™! is most likely and it
is referred to as Cut®/!. As AQCs exhibit collective orbitals similar to molecules [103,220], the
oxidation state must therefore be considered as an average across the entire cluster, and not on an
atom-by-atom basis, resulting in fractional values.

The experimental results show that Cus[Os],, are likely to be found in an oxidation state be-

tween Cut? and Cut! (Cut%/1). Furthermore, the XPS measurements indicate that the copper



5.3. RESULTS 93

a ) Standing wave

N’

Photoemission

Intensity (a.u.) O

936 934 932 930 928
Binding Energy (eV)

C)1-5 d) — Before

.E ’; — After

a ©

o 1f <

3 2

< c

w0.5¢ v

: £

O

Q

& gl— . . . . . e —————

4 2 0 2 4 6 937 936 935 934 933 932 931 930

E-Egragq (€V) Binding Energy (eV)

Figure 5.2: (a) Diagram of NIXSW showing the X-ray standing waves diffracted by the Au(111)
surface when the X-ray energy hv is close to the Bragg energy, Epragg. (b) Representative Cu 2ps /o
photoemission signal of Cus[Os2], on Au(111) acquired at 77K at Au{111} Bragg energy for the
NIXSW measurement with the corresponding fit. (c) NIXWS of Cu 2p3/, peak of Cus[O2],, on
Au(111) acquired at 77K at Au{111} Bragg energy. Fitting analysis results in a coherent fraction
and position of F'c = 0.83 £ 0.08 and Pc = 0.95 £ 0.04, respectively. The relative absorption error
bars derive from the fits of the Cu 2ps/, peak. (d) Cu 2p core-level photoemission spectrum of
copper AQCs on Au(111) in the Cu 2ps/; region measured at Au{111} Bragg energy before and

after NIXSW measurements.
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Figure 5.3: (a) Core-level photoemission spectrum of Cus[Oz], AQCs on Au(111) in the Cu 2p
region. Cu LMM Auger photoemission spectrum of (b) copper AQCs on Au(111) and (c¢) bare
Au(111). Data collected at photon energy hv = 1486.6¢eV.

atoms are oxidised likely due to the absorption of less than three oxygen atoms, suggesting that a
single oxygen molecule binds to each 2D cluster in agreement with the DFT simulations described

above.

In conclusion, the XPS characterisation reveals that copper atoms of Cus[Os], cluster are in
the oxidation state between Cut® and Cut' (Cut%/1), and the AFM and NIXSW that the height

from the herringbone reconstruction of the Au(111) surface is z = 2.1+ 0.1 A,

5.3.2 2D-to0-3D isomerisation of Cu;[0;], AQCs during on-surface Ull-

mann coupling

To characterise the chemical composition and try to identify the transition to the 3D isomer
of AQCs, Cus|Os], are used to catalyse the debromination of 4-(tetrabromophenyl) porphyrin
(Br4TPP). Although the Au(111) surface can catalyse the debromination, a previous study shows
that Cus[Os],, initiate the reaction at a significantly lower temperature such that the contribution
of the surface can be neglected. This topic is discussed in the thesis of Leonardo Forcieri from
Lancaster University, which is not yet published at the time of the writing of this thesis. In the fol-
lowing section, the BryTPP molecules (Figure ) are characterised to establish a baseline before

studying the debromination reaction.
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Characterisation of Br,TPP

BryTPP molecules are thermally evaporated on a clean Au(111) surface as described in Sectionm
to form a sub-monolayer coverage as shown in Figure [5.4p. The molecules arrange into flat islands
approximately 4 A in height as shown in Figure . Furthermore, BryTPP are easily disturbed
by AFM scanning at low set point forces as low as 125 pN as the island shape changes with each
AFM scan, suggesting that the molecules are highly mobile on the Au(111) surface.

The quality of the BryTPP molecules is assessed using XPS. The C 1s core-level photoemission
spectrum shown in Figure exhibits a peak centred at 284.1eV due to the phenyl rings (phenyl)
with a contribution of C-C/H (sp? hybridisation) at 283.7 eV from the carbon atoms joining the rings
of the macrocycle and the phenyl groups. The components at higher binding energy are assigned to
the carbon-pyrrolic nitrogen (C=N) and carbon-phenyl bonds (C-Ph) at 284.7 eV, carbon-bromine
(C-Br) and carbon-imidic nitrogen bonds (C-NH) at 285.1eV, and the 7 — 7* shake-up at 286.8¢V.
The position of the components is in excellent agreement with references [225[226| as the data are

calibrated to the Fermi edge of gold in both cases.

The core-level photoemission spectrum collected in the Br 3p region shown in Figure [5.41
exhibits the bromine doublet with the Br 3ps/, and Br 3p;/; components at 183.5 and 190.5eV,
respectively. These binding energies are in agreement with the C-Br bonds reported in the literature

[227].

The XPS data collected in the N 1s region shown in Figure exhibits four different peaks: the
two components at 399.3 and 400eV are assigned to the pyrrolic nitrogen (=N-) and the pyrrolic
nitrogen interacting with the Au surface (=N-Au); the two components at 397.2 and 397.7eV are
assigned to the imidic nitrogen (-NH-) and the imidic nitrogen interacting with the Au surface
(-NH-Au). The structure and the binding energy of the nitrogen components are in excellent
agreement with the literature [225] and confirm that the nitrogen environment of the porphyrin
core is pristine. The presence of the N-Au signal in the XPS spectra is assigned to the interaction
between the molecules and the gold adatoms freely diffusing from the step edges to the surface [225],

confirming that there is a monolayer or sub-monolayer coverage of Br,TPP.
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Figure 5.4: (a) Diagram of BryTPP structure. (b) AFM topographic image of BryTPP on Au(111)
with (c¢) the respective line profile. Core-level photoemission spectrum of BryTPP on Au(111) in
(d) C 1s, (e) Br 3p, and (f) N 1s region. The C 1s peak in panel d is fitted with five components:
C-C/H (sp® hybridisation) at 283.7 eV, phenyl ring at 284.1eV, C-Ph/C=N at 284.7eV, C-NH/C-
Br bonds at 285.1eV, and the m — 7* shake up at 286.8eV. Vertical lines in panel f correspond to
imidic (-NH-) and pyrrolic (=N-) components and the same components shifted by interaction with
the gold surface, =N-Au and -NH-Au, respectively. Data in panels d and e is acquired at photon
energy hv = 900.0eV, data in panel f is acquired at photon energy hv = 600.0eV.
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2D-to0-3D isomerisation of Cu;s[Os],

To study the isomerisation of Cus[Os], during the debromination of BryTPP, the AQCs are spin-
coated on top of a thermally evaporated BryTPP layer discussed in the section above. The sample is
heated starting from an initial temperature of 290 K to induce the debromination while collecting Br
3p3,2 core-level photoemission spectra. Figure shows that the Br 3p3,, peak intensity progres-
sively decreases and disappears completely at 380 K, indicating that the molecules are progressively
debrominated and that bromine atoms desorb from the surface at 380 K. Furthermore, Figure [5.5p
shows a shift of 0.15eV in the C 1s peak at 380 K, suggesting a change in the phenyl groups of the
BryTPP as previously reported in the literature [225]. This indicates that a reaction is occurring,
however, this data is limited and the concept is further discussed in Chapter [6] where additional
spectra on mica are shown. The Cu 2p3 /5 core-level photoemission peak acquired at 290 and 380 K
shown in[5.5F exhibits two well-separated components centred at 932.5 and 934.2eV. The former is
consistent with the Cut?/! peak shown in Figure , the latter is assigned to a fraction of copper
in oxidation state Cut? [183|. The presence of Cut? at 290 K suggests an interaction between the
molecules and the AQCs. When the sample is annealed until the debromination has been com-
pleted at 380K, the Cu't? signal intensifies. Based on the absence of bromine, the Cut? component
is assigned to the formation of the C-Cu-C bonds between the Cus[Os], and the debrominated
BrsTPP, as established for the dehalogenation of aryl halides on Cu(111) [20}[167,227/228|, namely
the organometallic phase, schematically shown in Figure [5.5d. The change in the oxidation state
of copper atoms indicates a charge transfer in agreement with DFT simulations of the reaction of
aryl halides on Cu(111) and Au(111) surfaces as well as gold nanoparticles [91},{115]. However, the
number of electrons of the surfaces is disproportionately bigger than the number of electrons in the
aryl halides resulting in no change of the formal charge. The observed shift in the copper peak
of the sub-nanometric AQCs is thought to derive from the limited availability of electrons in the

Cu;[O2],, AQCs and the possibility of several molecules reacting with the same cluster.

The Cut? to Cut®/! components are markers of organometallic and non-interacting copper
AQQCs, respectively. Consequently, it is possible to track the height of the AQCs in the two different
chemical states by fitting the NIXSW data of each component individually as shown in Figure [5.6h.
After completing the debromination at 380 K, the sample is cooled down at 77K and the Cu 2p3,;
core-level photoemission peak is excited by X-rays at the Bragg energy of Au{111}, as described
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Figure 5.5: (a) Br 3p core-level photoemission spectrum of BryTPP on Au(111) with Cus[O2],
AQCs at 290K (blue), 330K (green), and 380K (red) (photon energy hv = 900eV). (b) C 1s
core-level photoemission spectrum of BryTPP on Au(111) at 290K (blue) and 380K (red) with
vertical line at 284.1eV and 283.95eV. (c) Normalised Cu 2p3/, core-level photoemission spec-
trum of Cus[Oz], AQCs on BryTPP on Au(111l) at 290K (blue) and 380K (red) acquired at
Au{111} Bragg energy showing two components corresponding to Cut0/1 (non-interacting) and
Cu't? (organometallic) at 932.5eV and 934.2 eV, respectively. (d) Schematic of BryTPP debromi-

nation catalysed by Cus[Os];,.
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for AQCs on Au(111) in Section Figure shows that the NIXSW profile of the Cut?/!
component is best fitted by Fe = 0.8 £ 0.1 and Pc = 0.97 £+ 0.05, in excellent agreement with
the surface-supported AQCs shown in Figure [5.2k. The results translate to a corrected height
Znon-interacting = 2.1 £ 0.1 A.

The NIXSW profile of the Cut? component shown in Figure is significantly different from
the previous one. The data are best fitted by the parameters F'c = 0.4 + 0.2 and Pc = 0.4 £0.1.
The lower coherent fraction compared to the 2D AQCs suggests that the copper atoms are at
different heights, in agreement with the three-dimensional structure hypothesis. The coherent po-
sitions differ significantly compared to the Cut?! component, indicating that the Cu atoms in
the Cut? oxidation state are at a different height. Indeed, the organometallic copper atoms sit at
Zorganometallic = 9.9 £ 0.2 A above the Au(111) surface. This value is computed using equation
and assuming that n = 1, as the assumption that n = 0 would result in a height of 1.0 A that is
close enough to generate a significant repulsion from the underlying Au(111) surface. Furthermore,
the low coherent fraction suggests zorganometallic is the average of a height distribution with a wide
variance, likely because AQCs assume a variety of 3D configurations and a different number of
molecules are interacting with each cluster. The observation of a height change combined with
the chemical shift in the Cu 2p spectrum is compatible with a 2D-to-3D isomerisation. Further-
more, the change in the oxidation state of copper suggests that a charge transfer from the clusters
to the molecules is occurring. This experimental evidence is in agreement with DFT simulations
in the literature showing that the removal of a single electron [105.|113}/114] and the interactions
with other molecules, such as oxygen [103}[110], can induce a 2D-t0-3D transition in AQCs. These
findings highlight the correlation between the isomers and the catalytic activity of Cus[Os],. The
intense photon flux of the synchrotron radiation can cause damage to the sample. However, the Cu
2p3/2 core-level photoemission peaks collected before and after the NIXSW measurements shown

in Figure exhibit no changes, suggesting that the AQCs are undamaged.

DFT is used to simulate the interaction between Cus[O2]; AQCs and phenyl radicals, which
are proxies for the whole Bry TPP molecules. Figure [5.7h shows two phenyl radicals attached to a
2D Cus|O2]1 AQCs before optimisation. Figure shows that after the geometrical optimisation,
the structure of the clusters becomes 3D, suggesting that the 2D isomer becomes unstable when

interacting with the radicals. By removing the oxygen dimer from the structure, the case of bare
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Figure 5.6: (a) Representative NIXSW data and corresponding fits of Cu 2ps,, region on Au(111)
acquired at 77K at Au{111} Bragg energy. NIXWS of (b) Cut?%/! and (c) Cut? components of
Cu 2pg/5 peak of Cus|Oz], with BryTPP on (111) after annealing at 380 K. Data is acquired at
77K at Au{111} Bragg energy and the fitting analysis results in a coherent fraction and position of
Fe=0.8+0.1 and Pc=0.9740.05 as well as F'c = 0.4+ 0.24 and Pc = 0.4+ 0.1, for panel b and
c respectively. The relative absorption error bars derive from the fits of Cu 2p components. (d) Cu
2p core-level photoemission spectrum of copper AQCs on Au(111) in the Cu 2p region measured

at Au{111} Bragg energy before and after NIXSW measurements.
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Figure 5.7: (a,b) 2D-t0-3D transition of the organometallic phase of Cus[O2]; AQC-phenyl radical
simulated with DFT. (c,d) 2D-t0-3D transition of the organometallic phase of Cus; AQC-phenyl
radical simulated with DFT. Figure courtesy of Dr. Qingqing Wu.

Cus with two phenyl rings is simulated to understand the effect of the absorbed oxygen molecules.
First, the 2D to 3D transition still occurs as shown in Figure and d. Second, the oxygen at-
tracts a fraction of charges from Cus, therefore fewer electrons are transferred to the phenyl rings,
weakening their coupling with the copper atoms. This phenomenon results in the promotion of the

diffusion and recombination of the two phenyl rings, potentially favouring polymerisation.

In conclusion, the Cus[Oz], oxidation state partially evolves from Cut%! to Cut? upon the
debromination of BryTPP, likely due to the formation of Cu-C bonds between AQCs and molecules.
At the same time, the copper atoms in the Cut%/! oxidation state remain at the same height,
Znon-interacting = 2.1 +0.1 A, uniformly across the sample as in the absence of BryTPP. On the other
hand, the height of the copper atoms in the Cut? oxidation state becomes Zorganometallic = 3.330.2 A
likely due to a 3D isomerisation caused by the interaction with the debrominated Br,TPP. This
point is supported by the low coherent fraction and by DFT simulations showing that the 2D
Cu;[O2]; and Cus; AQCs become 3D upon interaction with two phenyl radicals.
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5.4 Conclusions and future work

In the chapter, the presence of 2D and 3D isomers of Cus[O2],, AQCs supported by an Au(111)
surface was investigated. The correlation between the chemistry and isomeric structure during the
catalytic debromination of BryTPP is studied using AFM, XPS, NIXSW, and DFT simulations.

For the first time, the height of Cus|[Ox3],, spin-coated on an Au(111) surface, is experimentally
determined to be z = 2.1 + 0.1 A using AFM and NIXSW. The high coherent fraction of 0.83 +
0.08 suggests that most of the copper atoms sit at a similar height from the surface indicating
that the AQCs are 2D. The structural and catalytic properties of the Cus[O2],, AQCs are studied
by catalysing the debromination of BryTPP molecules. When the reaction has completed, the
chemistry of the copper atoms in the AQCs partially changes from Cut?/! to Cu™? suggesting an
interaction between clusters and molecules. At the same time, the height of the AQCs interacting
with the molecules becomes zorganometallic = 3.3 £ 0.2 A, suggesting a transition to a 3D structure,
further confirmed by the reduced coherent fraction. The experimental evidence is substantiated by
DFT simulations showing a 2D-to-3D transition of Cus[Os], AQCs upon interaction with phenyl
radicals. These results highlight the role of isomers in determining the catalytic activity and the
importance of allowing for structural changes in DFT simulations of AQCs reactions.

To further improve the understanding of the isomers, the AQCs could be decoupled from the
Au(111) surface using an atomically flat insulating layer as interaction with gold cannot be ne-
glected. It was not possible to study with NIXSW the next stage of the reaction between BryTPP
molecules due to the limited time available at Diamond light source. However, it could be interesting
in the future to anneal Cus[O2], AQCs and BryTPP molecules until the C-Cu bonds are cleaved to
identify whether the clusters revert to the 2D structure after catalysing the reaction. Additionally,
different catalytic processes involving AQCs could be studied on technologically relevant surfaces
such as SiOs, TiOs, or hexagonal boron nitride.

The presence of a single oxygen molecule bound to the AQCs is predicted by DFT and inferred
from XPS measurements. In the future, it could be of interest to count the number of oxygen on
single clusters using qPlus AFM and study the effect of the absorbed oxygen on the band gap and

electronic states of AQCs using low-temperature STM in imaging and spectroscopy mode.



Chapter 6

Polymerisation of Br,TPP on inert

surfaces using AQCs

6.1 Introduction

On-surface polymerisation on semiconductors and insulators is essential for better exploiting the
polymers for applications but it is extremely challenging [14}/26,/55]. Without a catalyst, precursor
molecules sooner desorb from surfaces before they can polymerise, greatly limiting the ability to
prepare surface polymers on non-metal substrates. Several strategies have been designed to address
this issue ranging from decoupling layers [51], light to activate the reaction [12] or anchor groups to
strongly adsorb molecules on surface [56], and single metal atoms as extrinsic catalysts [5060,61], as
discussed in Section However, a general strategy to grow polymers using a plethora of different
molecules without the need for specialised structures or processes is missing.

The use of extrinsic metal catalysts, instead of coinage metal surfaces, offers the possibility to
activate the polymerisation of a variety of molecules on different surfaces and avoid desorption at
the same time. Moreover, it provides the possibility of controlling the activation, diffusion, and
coupling barriers involved in Ullmann coupling discussed in Section Single atoms have been
reported to catalyse on-surface polymerisation but they can poison the polymer growth by sinter-
ing together [50]. The use of AQCs, Cus[O3], and Ags[Os],, introduced in Section to induce

the on-surface polymerisation of tetra (4-bromophenyl) porphyrin (BryTPP) on inert surfaces is

103
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explored. The interest in these clusters derives from the high catalytic activity combined with ther-
mal stability and resistance to sintering [90L/110], thereby potentially overcoming the issues related
to the use of single atoms. Copper and silver clusters are investigated as replacements for copper

and silver surfaces since they are the most active towards Ullmann coupling [29].

The catalytic properties of Cus[Os2], and Ags[Os],, towards the Ullmann coupling of BryTPP
on HOPG and mica are investigated in Section and respectively. The substrates are chosen
as flat and non-catalytic surfaces, HOPG is a zero-band gap semiconductor, and mica is a bulk
insulator. To this end, the catalytic activity of the clusters is studied with temperature-programmed
XPS (TP-XPS) by comparing the reaction in the absence and presence of the clusters. Furthermore,
the morphological properties of the BryTPP polymers produced using Cus[Os],, are studied with

AFM under ambient conditions.

6.2 Methodology

6.2.1 Sample preparation

Before sample preparation, the HOPG and mica surfaces were cleaned as discussed in Section [3.4:1]
Cu;[O2],, AQCs, prepared following a previously reported method [65], are deposited before the
molecular deposition as 4mgL~! solutions in Milli-Q water. Similarly, Ags|O2], AQCs, prepared
following a previously reported method [71], were deposited before the molecular deposition as
4mgL~! and 96.8 mg L ! solutions in Milli-Q water on mica and HOPG, respectively. The AQCs
were first dispersed by ultrasonication for 10 min and then spin-coated for 10s at a speed of 500 RPM
followed by 10s at a speed of 1500 RPM. HOPG and mica surfaces were then annealed at 130 °C in
UHV conditions to remove contaminants and water. Br,TPP molecules were deposited via thermal
sublimation in UHV (better than 1072 mbar) as discussed in Section m The preparation of
samples without clusters followed the procedure described above but no cluster was spin-coated on

the substrates.
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6.2.2 Temperature-programmed XPS

Temperature-programmed XPS consist of collecting XPS spectra as the sample is heated in a spe-
cially designed sample bar with a PID system to control the temperature and the heating ramp.
The samples are heated from 25 — 30°C to 400°C at a rate ranging from 0.1 to 0.4°C/min, at a
pressure below 10~ mbar. All the measurements are performed using a Kratos AXIS Supra spec-
trometer with monochromatic Al K, X-ray source, operating at 15kV, 15mA, and equipped with

an electron gun for charge neutralisation.

TP-XPS data is displayed as a heat map with the temperature on the y-axis, the binding energy
on the x-axis, and the counts per second (CPS) as the colour scale. Bright colours indicate high
CPS and, thus, the presence of peaks; dark colours indicate low CPS, representing the background.
The uncertainty in the temperature is estimated as the temperature difference between the start

and the end of each XPS measurement, ranging from 10 to 20 °C.

6.2.3 AFM

AFM measurements are acquired with a Bruker MultiMode 8 equipped with a Nanoscope V con-
troller in ambient conditions in an ultra-low-noise facility, IsoLab. These measurements are acquired
in PeakForce mode using NuNano Scout 70 probes with a resonant frequency of approximately
70kHz and nominal spring constant 2 Nm™! to minimise the interaction between the tip and sam-

ples.

6.3 Results and discussion: Cus[03], AQCs

In the following sections, the use of Cus[O3], AQCs as extrinsic catalysts for the on-surface poly-

merisation of BryTPP on HOPG and mica is studied with TP-XPS and AFM.

6.3.1 Polymerisation on HOPG

To study the catalytic activity of Cus|Os], towards the on-surface polymerisation of BryTPP on
HOPG (Figure[6.1p), the reaction between the molecules without and with Cus[O2],, are compared.
The TP-XPS results are shown in Figure [6.2] The first step of the BryTPP polymerisation is the
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a) Br.

Scheme 1

Scheme 2

Figure 6.1: Scheme 1. (a) BryTPP and Cu;[Os],, clusters. (b) The first step of the BryTPP Ull-
mann coupling is the dehalogenation of the monomer resulting in the formation of the metalorganic
phase (C-Cu bonds). (c) The molecules link into a polymer by ejecting the clusters. Scheme 2.
(d) Damage to the imidic nitrogen (-NH-) of the porphyrin macrocycle results in the formation of
pyrrolic nitrogen atoms (=N-). (e) Porphyrin molecules after ring-closing reaction due to the cy-
clodehydrogenation between phenyl groups and the porphyrin macrocycle. (f) Tentative schematic

of a polymer of cyclodehydrogenated porphyrins.
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activation through C-Br bond cleavage (Figure ) that is monitored through high-resolution XPS
measurements in the Br 3p region. In the absence of clusters (Figure ), the Br 3p doublet is
detected at temperatures as high as 300 + 10°C. When Cu;[Os],, and BryTPP are present at the
same time (Figure ), the bromine peaks are less intense at room temperature, whereby only
the Br 3ps/p component is distinguishable. The signal completely disappears at 125 & 20°C, as
shown in Figure [6.2k, pointing at the C-Br bond cleavage and the desorption of the halogen atoms.
These results indicate that the Cus[Os],, are effective catalysts for the debromination of BryTPP
on HOPG.

The C-C coupling, the final step of BrsTPP polymerisation, could be studied by analysing the
C 1s peak but the signal is dominated by photoemission from the graphite substrate. Consequently,
the presence of BryTPP on the surface is checked through the photoemission from the N 1s core-level
of the porphyrin core. The presence of the N 1s peak of BryTPP without and with clusters provides
indirect evidence of the polymerisation of Br,TPP. Indeed, the polymer should be thermally stable
and desorb at a higher temperature than the individual monomers do. TP-XPS data of BryTPP
molecules on HOPG (Figure ) shows that the N 1s peak disappears at 310 4 10 °C, indicating
that the molecules desorb from the surface. This observation shed light on the disappearance of
the Br 3p peak reported in Figure [6.2h. The molecules desorb without the carbon-bromine bond
cleavage, indicating that the activation of Ullmann coupling of BryTPP on HOPG is impossible
without the use of a catalyst as the molecules desorb before the reaction starts, as reported before
[41]. The TP-XPS data collected in the N 1s region when both molecules and the AQCs are
deposited on HOPG is shown in Figure [6.2k. The nitrogen peak is detected at temperatures as
high as 400+ 20 °C, well above the desorption temperature of the monomer as shown in Figure [6.2]
by overlapping the spectra collected at 400°C in Figure [6.2ld,e. Interestingly, the centre of the N
1s peak shifts from 399.3eV to 398.5eV while the width remains constant during the on-surface
polymerisation with the clusters, pointing at a change in the core of the porphyrin macrocycle.
Based on the literature |225}229H231], the shift could be assigned to two different processes. First,
the dehydrogenation of the pyrrolic nitrogen (-NH-) could be caused by the interaction with the
metal clusters as shown in Figure [6.Id, namely self-metalation. Second, it could be caused by a
transition from a multilayer to a monolayer of BryTPP molecules [231]. In the first case, the N
1s peak width decreases significantly because there is only a single bonding environment (=N- in

Figure ) |225L1230,/231]; in the second case, the peaks shift to lower binding energies. Although
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the resolution of the peaks acquired with a lab-based XPS is not good enough to resolve the pyrrolic
(-NH- at 400.3eV) and imidic (=N- at 398.3 eV) nitrogen components of the N 1s peak, the constant
width of the peak suggests that the two components are still present, pointing at a transition to

monolayer [231].

To investigate the role of Cus[O2],, in the Bry TPP on-surface polymerisation, the high-resolution
XPS spectrum of Cu 2p3/, core-level is acquired during the reaction, as shown in Figure @h The
centre of the peak shift from 932.5eV at room temperature to 933.0eV in the temperature range
of 125 — 300°C, and the back to 932.5eV at higher temperatures, as shown in Figure [6.2j. The
component at 932.5eV could be assigned to both Cu*® and Cu*! due to the small energy differ-
ence but the findings of Chapter [5] suggest that a mixed state is most likely. The shift in the Cu
2p3/2 peak to 933.0eV indicates a partial change of the oxidation state of the clusters to Cut?
during the on-surface polymerisation, in agreement with the findings of Chapter [5} The onset of
the shift coincides with the debromination temperature, suggesting that the clusters interact with
the only species left on the surface, i.e. the debrominated BryTPP (Figure ) This conclusion
is compatible with evidence of the formation of C-Cu bonds between the adatoms of the copper
surface and the dehalogenated aryl halides in on-surface Ullmann coupling published in the liter-
ature [204,41,/167]. Additionally, the shift at higher binding energy suggests a partial transfer of
electrons from clusters to the monomers. At temperatures higher than 300 °C, the Cu 2p3/, peak
shifts back to 932.5eV, indicating that the clusters return to their initial chemical state, likely be-
cause the C-Cu bonds are replaced by C-C during the monomer polymerisation. These observations
prove that Cus[Os],, clusters indeed behave like catalysts in the Ullmann coupling of BryTPP as

they revert to the initial chemical state.

To further study the reaction between Bry TPP molecules, AFM images of the sample comprising
BryTPP with Cu;[O2],, AQCs are compared to a set of controls consisting of HOPG only, Cus[Os],,
AQCs on HOPG, and BryTPP on HOPG (Figure . All the samples are compared at room
temperature and after 30 min of annealing in UHV at 150 °C, a temperature high enough to induce
the monomer debromination as shown in Figure [6.2p.

The AFM images of HOPG at room temperature and after annealing (Figure [6.3h,e respec-
tively) show no damage to the substrates as the roughness remains the same because the height

fluctuations shown in the line profiles do not exceed 0.150 nm. The AFM image of the Cus[Os],
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Figure 6.2: Temperature-programmed XPS in Br 3p region of BryTPP on HOPG (a) without
and (b) with Cus[Oz],. (c) High-resolution XPS spectrum of BryTPP in Br 3p region without
and with Cu;[Os2],, showing the complete debromination at 125 4+ 20 °C in presence of Cus[O2],.
Temperature-programmed XPS in N 1s region of BryTPP (d) without and (e) with Cus[Os],. (f)
High-resolution XPS spectrum of BryTPP in N 1s region at 400 °C without Cus[Os], as well as at
30 and 400°C with Cus[O2],. (h) Temperature-programmed XPS in Cu 2ps/, region of BryTPP
with Cus[Os],. (i) High-resolution XPS spectrum of Cus[Os], in Cu 2p region at 30, 125, and
400 °C showing that shift in the peak. All data are referenced to C 1s s-p? at 284.5eV.
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clusters on HOPG at room temperature (Figure ) shows that they form agglomerates of ap-
proximately 0.8 nm in height, as shown in the line profile. This height exceeds the dimension of a
single cluster, suggesting a preferential interaction with themselves rather than with the substrate
(Volmer-Weber growth). After the annealing at 150 °C (Figure [6.3|f), the clusters are still found in
agglomerates approximately between 0.3 and 0.8 nm in height as shown in the line profile. However,
a significant amount of AQCs is located at the step edges of the HOPG likely because they are the
most reactive sites of the substrate. These results indicate that the clusters are thermally stable at
this temperature as discussed in Section BryTPP molecules form flat islands on HOPG 0.5 nm
in height, as shown in Figure [6.3k. Upon annealing at 150 °C, the molecules remain on the surface
(Figure [6.3g) in accordance with the TP-XPS data in Figure and are found in flat islands
0.5nm in height as before the annealing. When both clusters and molecules are present on the
surface at the same time (Figure[6.3d), only agglomerate of approximately 0.8 nm are found on the
substrate but no islands, suggesting that the molecules are attached to the clusters. Upon annealing
at 150 °C (Figure ), small disordered agglomerates of different heights are found on the surface.
They are tentatively assigned to the metalorganic phase detected in the TP-XPS. Despite many
attempts, only small amounts of material at the step edges of HOPG are observed upon annealing
at 400 °C (Figure [6.3}), suggesting that the BryTPP do not form extended polymeric networks. It
is, however, possible to speculate that the monomer couples into small oligomers, as reported in

the literature [51},232], because the N 1s signal is detected at 400°C.

In conclusion, TP-XPS measurements prove that the debromination temperature of BrsTPP on
HOPG with Cus[Os], is 1254+20°C and that the clusters interact with the debrominated molecules
between 125 and 300 + 20 °C, likely forming the metalorganic phase. Although it is not possible
to provide direct evidence of the C-C coupling between the molecules, two indirect measurements
suggest that the coupling is taking place. First, the N 1s signal is detected at temperatures as high
as 400 °C only in presence of Cus[Os2],. Second, the AFM images reveal the formation of rough,

disordered structures that could be assigned to small BryTPP oligomers.

6.3.2 Polymerisation on mica

To study the catalytic activity of Cus|[Os], towards the on-surface polymerisation of BryTPP on

mica, a bulk insulator, the reaction of the molecules without and with clusters are compared, fol-
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Figure 6.3: AFM topographic images of (a) HOPG, (b) Cus[O2], on HOPG, (c) BryTPP on
HOPG, and (d) both Cus|Os], and BryTPP on HOPG at room temperature, shown with the
corresponding line profiles. AFM topographic images of (¢) HOPG, (f) Cus|O3], on HOPG, (g)
BryTPP on HOPG, and (h) both Cu;[Os],, and BrsTPP on HOPG annealed at 150 °C, shown with
the corresponding line profiles. (i) AFM topographic image of Cus[O2], and BryTPP on HOPG
annealed at 400 °C for 30 min. All measurements are performed in Peak Force mode under ambient

conditions.
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lowing the procedure described in the previous section. As all the XPS spectra are referenced to
the Al 2p peak at 74.5eV and not to C 1s to retain the possibility of measuring shifts in the carbon
bonding environments, the binding energies as shifted by approximately 0.5eV with respect to the

section above.

The first step of the BryTPP polymerisation is the cleavage of the C-Br bond which is monitored
through high-resolution XPS measurements in the Br 3ps,, region. In the absence of clusters (Figure
6.4p), the Br 3ps/, signal is detected at temperatures as high as 225420 °C. When both Cus[O2],,
and BryTPP are present (Figure ), the bromine peak is less intense at room temperature and
disappears at 150 + 20°C, as shown in Figure [6.4, pointing at the C-Br bond cleavage and the
desorption of the halogen atoms. These results indicate that the Cus[O2], AQCs are effective
catalysts for the debromination of BryTPP not only on HOPG but on mica, too.

It is not possible to monitor the N 1s XPS core-level spectrum of the BryTPP on mica as it
overlaps with a peak from the substrate. It is thus impossible to prove that pristine molecules
desorb from the surface in the absence of catalysts as shown for HOPG. However, the C-C coupling
of BryTPP into a polymer in the presence of AQCs could be studied by analysing the C 1s peak as
shown in Figure[6.4d. The peak is detected up to 400 °C, suggesting the molecules in the presence of
the catalysts remain on the substrate above the debromination temperature of the monomer. The C
1s spectra undergo a significant change from room temperature to the debromination temperature of
150 °C as shown in Figure[6.4p. First, the m—7* shake-up peak at approximately 290 eV disappears.
As this component is associated with the aromatic carbon atoms in the phenyl rings, the observed
change suggests a chemical reaction is taking place in the phenyl groups of the BryTPP. Second,
the centre of the peak, associated with the aromatic rings, shifts from 285eV at 30°C to 284.5eV
at 400 °C, suggesting a change in the phenyl groups [225]. The component at 286.6eV (C-Br/C-
NH) disappears completely at the debromination temperature suggesting a further change in the
molecular structure. This component could not be univocally assigned as the binding energy is
consistent with both C-Br bonds [53] and C-NH bonds [225//231]. The observed change is likely
caused by two reactions happening at the same time: the debromination and the ring-closing
reaction shown in Figure[6.Ik. The latter process can take place during the annealing of porphyrins
on catalytically active substrates, such as Cu(111), and it is consistent with the change observed

in the phenyl group as they undergo the cyclodehydrogenation reaction merging the phenyl rings
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with the porphyrin macrocycle [225]229/2331234]. These findings suggest that Cus[Os], AQCs are
catalytically active towards the cleavage of C-H bonds.

To investigate the role of Cus[O3],, in the Bry TPP on-surface polymerisation, the high-resolution
XPS spectrum of the Cu 2p3/5 core-level is acquired during the reaction, as shown in Figure .
The peak acquired at 50°C (Figure ) is asymmetric peak and centred at 933.1eV, suggesting
a partial transition to the Cu™? oxidation state |183]. The peak becomes sharper and shifts from
933.1eV to 932.5eV as the temperature reaches 400 °C, suggesting that copper progressively transi-
tions to the Cut? or Cu™! oxidation states. As discussed above, it is not possible to reliably assign
the position of the peak to a precise oxidation state due to the small energy difference between the
two. Analogously to the discussion of Cus[O2],, on HOPG, the oxidised component of Cu 2p3/,
peak is assigned to the molecules-cluster interaction [20,/41,167], suggesting a partial transfer of
electrons from clusters to the monomers, although a contribution from the substrate could not be
ruled out. The data suggest that C-Cu bonds are already present at room temperature and are
completely broken when the temperature reaches 400 °C, implying that the debromination starts at
room temperature on mica. The comparison between the TP-XPS of Cu 2p3/, on HOPG and mica
suggests that the substrate still has a minor influence on debromination as the reaction occurs at

different temperatures, which is minor compared to the change from Au(111) reported in Chapter

To further study the reaction between the BryTPP molecules, AFM images of the sample com-
prising Bry TPP with Cus[O3],, are compared to a set of controls consisting of mica only, Cus[Oz],
on mica, and BryTPP on mica, as shown in Figure [6.5] All the samples are compared at room
temperature and after 30 min of annealing in UHV at 150 °C, a temperature high enough to induce
the monomer debromination and the changes in the C 1s spectrum as shown in Figure [6.4p,e.

The AFM images of mica at room temperature and after annealing (Figure , e respectively)
show no damage as the roughness, measured through the height fluctuations from the line profiles,
does not exceed 0.12nm in both cases. The AFM image of the Cus[Os],, clusters on mica at room
temperature (Figure ) shows that they form agglomerates up to 2nm in height. As noticed
on HOPG, the clusters interact preferentially among themselves, giving rise to a Volmer-Weber
growth of agglomerates. After the annealing at 150°C (Figure f), the clusters are still found
in agglomerates of smaller size approximately 0.3nm in height, indicating that they are unstable

against temperature and can be dispersed. The BryTPP molecules form agglomerates as high as
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Figure 6.4: Temperature-programmed XPS in Br 3p3,, region of BryTPP (a) without and (b) with
Cus[O2], on mica. (c) High-resolution XPS spectra of BryTPP in Br 3ps,, region without and
with Cus[Oz],, showing the complete debromination at 150 £+ 20°C in presence of Cus[Os],. (d)
Temperature-programmed XPS in C 1s region of BryTPP with Cus[O3],. (e) High-resolution XPS
spectrum of BryTPP in C 1s region at 30,150, and 400 °C showing the evolution of the peak. (f)
Temperature-programmed XPS in Cu 2p3,5 region of BryTPP with Cus[Os],. (g) High-resolution
XPS spectrum of Cus[Oa], in Cu 2p region at 50, 150, and 400 °C showing that shift in the peak.
All data are referenced to Al 2p at 74.5eV of the muscovite mica.



6.3. RESULTS AND DISCUSSION: CUs[Os], AQCS 115

6 nm (Volmer-Weber growth), as shown in Figure . Upon annealing at 150 °C, the agglomerates
break into smaller ones that reach a height of 1.8 nm from the surface (Figure ) When both
clusters and molecules are present on the surface at the same time (Figure ), only agglomerate
of approximately 1.5 nm are found on the substrate, suggesting that the molecules are attached to
the AQCs. Upon annealing at 150 °C (Figure ), islands 0.5 nm high are found on the substrate,
contrary to all the control samples, suggesting that they are a result of the reaction between clusters
and molecules. The high-resolution measurement of the island (Figure ) shows long vertical rows
of squares, each of them being a molecule. The assignment of these rows to polymerised BryTPP
molecules is not straightforward. The molecule-to-molecule distance along the rows is 1.25+0.1 nm
and across them is 1.0 0.1 nm, as shown in the line profile, which is lower than the value reported
in the literature for BryTPP [24,33,[164]. This difference could be attributed to the ring-closing
reaction detected from the C 1ls TP-XPS (Figure [6.4d) as the centre-to-centre distance is lower
than the dimension of a single BryTPP. Furthermore, the two dimensions of the molecules could
be asymmetric as shown in Figure [6.1,f but further investigation would be needed to confirm it.
The proposed molecular structure is based on the work of Wiengarten et al showing that this is the
most stable configuration among the different possibilities studied with DFT and confirmed with
STM measurements [235]. The molecule-to-molecule distance upon annealing in the presence of
Cus[O2],, could not be compared to the molecule without Cus[Oz], as they do not grow into flat

islands on mica.

In conclusion, TP-XPS measurements prove that the debromination temperature of BryTPP
on mica and HOPG with Cu;[Os],, happens between 125 and 150°C. The clusters interact with
the debrominated molecules starting from room temperature and 50°C up to a temperature of
300+20°C for mica and HOPG. The XPS data reveals that the molecules undergo the ring-closing
reaction upon annealing, suggesting that the molecules remain on the surface, likely due to the
coupling C-C. The AFM images provide evidence of the formation of flat islands with ordered
molecular structure only in the presence of Cus[Os],, suggesting that the cluster catalyses the

on-surface polymerisation of Br,TPP.
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Figure 6.5: AFM topographic images of (a) mica, (b) Cus[Oz],, on mica, (c¢) Bry
(d) both Cus[O2], and BryTPP on mica at room temperature, shown with the

TPP on mica, and

corresponding line

profiles. AFM topographic images of (e) mica, (f) Cus[Oz], on mica, (g) BryTPP on mica, and (h)

both Cus[Os],, and BryTPP on mica annealed at 150 °C shown with the corresponding line profiles.

(i) Molecular-resolution image of the island in panel h with the corresponding line profile along the

x and y directions in brown and light blue, respectively. All the images are acquired in Peak Force

mode under ambient conditions.



6.4. RESULTS AND DISCUSSION: AG5[Oz], AQCS 117

Silver (mgL~!) | Nitrates (mgL~!) | Silicates (mgL~1)

NG 14 45.8 9.4 25
NG 15 96.8 14.5 25
NG 21 92.3 14.2 25

Table 6.1: Concentration of silver, nitrates, and silicates in Ags[O2], NG 14, 15, 21 water solutions

as provided by the manufacturer.

6.4 Results and discussion: Ags[Os], AQCs

In the following sections, the Ags[Os], AQCs powders and milli-Q water solution are first charac-
terised with XPS and AFM. Then, the use of these AQCs as extrinsic catalysts for the polymerisa-
tion of BryTPP on inert surfaces, HOPG and mica, is studied with TP-XPS.

6.4.1 Characterisation of Ag;[Os], AQCs powders and solutions

Ags[02],, AQCs powders and solutions, named NG 14, 15, and 21 and produced with different
methods, are analysed with XPS to assess the purity level as the synthesis is still new and under
optimisation. The solutions contain Ags[Os], AQCs and different salts used during the synthesis by
the providers, mainly nitrates and silicates, as described in Table The powders are produced
by freeze-drying the corresponding solutions and the level of purity is unknown. Therefore, the
presence of contaminants in the Ags[Os], AQCs is assessed and the possibility of purifying the

solutions through spin-coating is tested.

Powders The XPS characterisation of the Ags[Os],, AQCs NG 14, 15, 21 powders is presented
in Figure [6.6h-d. The Ag 3d core-level photoemission spectrum shown in Figure exhibits a
sharp doublet consisting of Ag 3ds/, and Ag 3ds/ components centred at 374.5 and 368.8eV for
all the powders. The binding energy of the peak is in excellent agreement with the measurements
of pure AgyO and AgNO3 powders [236] suggesting that the AQCs are in the Ag™! oxidation state.
To further confirm the assignment, the Ag MNN Auger peak is measured as shown in Figure [6.6p.
The spectrum comprises several peaks due to the Auger signal from the Ag M4N,5N,45 peak ranging

between 352 and 360eV as well as the M5Ny5Ny5 peak ranging between 343 and 352eV. All the
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spectra in Figure consist of two peaks centred at 351 and 357eV, respectively, in excellent
agreement with the Ag*! oxidation state [236]. It is, however, impossible to distinguish whether
the clusters are oxidised in the form of AgoO, AgNOs, or a mixture of the two, due to the small
energy difference [236].

The presence of nitrates and silicates as contaminants as reported by the manufacturer is con-
firmed by core-level photoemission spectrum in the N 1s and Si 2p region reported in Figure[6.6¢ and
d, respectively. The N 1s peak is centred at 407.4eV in excellent agreement with the nitrate peak
reported in the literature [237]. The Si 2p peak is centred between 103.2 and 103.6 eV depending on
the samples, in agreement with the binding energy of silicate ions reported in the literature [237].
Additionally, sodium and calcium are detected as a result of the nitrate and silicate salts used in
the production process. Due to the surface sensitivity of XPS, only the surface of the powders is

analysed, it is therefore impossible to assess the contamination in the bulk.

Ags[0s], AQCs solutions on Au(111). To characterisation the Ags[Os], AQCs solution with
XPS, several drops are spin-coated on Au(111) surface for 10s at a speed of 500 RPM followed by
10s at a speed of 1500 RPM. The results are presented in Figure [6.6p-h.

The Ag 3d core-level photoemission spectrum shown in Figure [6.6p exhibits a sharp doublet
consisting of Ag 3d3/, and Ag 3ds5/, components centred at 374.4 and 368.4 eV, respectively, for all
the solutions. These binding energies are lower than the corresponding powders by 0.4eV and are
in excellent agreement with the measurements of pure Ag foil [236], suggesting that the AQCs in
milli-Q water solution are in the Agt® oxidation state. To further confirm the difference between
powders and solution, the Ag MNN Auger peak is measured as shown in Figure [6.6f. The spectrum
comprises several peaks due to the Auger signal from the Ag MyNy5N45 and MsNy5Ny5 peaks.
All the spectra in Figure [6.6f comprise several peaks, the most intense being centred at a kinetic
energy of 358.1 and 351.2eV, respectively, in excellent agreement with Agt? oxidation state [236].
The structure of the Auger peak changes completely from the powders to the spin-coated solutions
suggesting that the process of freeze-drying and the exposure to air have a significant effect on
the chemical composition of the AQCs and suggesting that water solution is suitable for long-
term storage of the clusters. Furthermore, the presence of Agt® suggests that AQCs are resistant
to oxidation caused by the oxygen molecules dissolved in the water solution, meaning that the

molecular oxygen is not split into atomic oxygen bonded to the AQCs in agreement with DFT
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simulation [103], as discussed for Cus[Os],, in Chapter

The contamination of nitrates and silicates is assessed by core-level photoemission spectrum in
the N 1s and Si 2p region reported in Figure [6.6fg and h, respectively. No signal is detected in
the N 1s peak, suggesting that there are no nitrates salts. A peak is detected in the Si 2p region
suggesting that there is silicon on the surface. The peak is centred at 102.5eV and not 103.6eV, as
detected for the powders, suggesting that there are no silicates likely because silicon contamination
derives from the storage of the gold surface. Additionally, XPS survey scans show no sodium or
calcium peaks detected in the powder samples.

For the following experiments, the Ags[O2],, AQCs NG 15 are chosen due to the lowest level of

contaminations in the powders suggesting that the initial solution is the purest.

Ags5[0s], NG 15 solution on HOPG and mica. The purity of Ags[Os], NG 15 solution upon
spin-coating on both HOPG and mica is tested using XPS to establish a benchmark to investigate
the on-surface polymerisation of Br,TPP in the following sections.

The Ag 3d core-level photoemission spectra, shown in Figure [6.6}, exhibit a sharp doublet with
the Ag 3ds/, and Ag 3ds/, components centred at 374.3 and 368.3 eV, respectively, on HOPG.
These binding energies are in excellent agreement with the measurements on Au(111) and of pure
Ag foil [236], suggesting that the AQCs in milli-Q water solution are in the Ag™® oxidation state.
On mica, the binding energy of the silver peaks is centred at 374.8 and 368.8eV, respectively,
overlapping with the photoemission peaks of mica at 378.8 eV. These binding energies suggest that
the clusters deposited on mica are oxidised, likely because of the interaction with the ions on the
surface.

To further confirm the oxidation state of silver, the Ag MNN Auger peak is measured. Figure
[6-6j exhibits two peaks centred at 357.8 and 352.0eV on HOPG as well as at 357.0 and 350.8 eV on
mica. The position and the shape of the peak on HOPG are in excellent agreement with the Ag®?
oxidation state. However, the clusters deposited on mica are consistent with the Ag™! oxidation
state [236] suggesting that they are interacting with the oxygen atoms of the surface as nitrogen
is not detected in the N 1s spectrum on both HOPG and mica (Figure ) The contamination
of silicates is assessed by core-level photoemission spectrum Si 2p region reported in Figure [6.6].
A peak is detected in the Si 2p region suggesting that there is silicon on the surface. The peak is
centred at 101.7eV with a shoulder at higher binding energy on HOPG, suggesting that most of
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the signal comes from silicon oxide likely due to the storage of the solution or the handling of the
surface, as noticed on Au(111). The silicon peak is centred at 103.0eV on mica as the substrate
itself contains silicate ions.

These findings suggest that, although the powders exhibit contaminations that affect the chem-
istry of the AQCs, the spin-coated solutions are free from nitrate and silicate contamination and
result in Ags[Os], AQCs in the Ag™ oxidation state. However, Ags|Oz], NG15 spin-coated on
mica are found in the Agt! oxidation state, likely due to the interaction with the oxygen atoms
of the substrate and not the contaminations from the solution as no nitrogen is detected. These
observations are rationalised by assuming that the salts in the solution are dissociated into ions,
given the high solubility of silver nitrate salts and the fair solubility of silicate salts. The clusters
are thus mostly free from the contaminants in the solution. The ions are removed with the water
droplet during the spin-coating process due to their affinity with water and the repulsion from the
hydrophobic gold and HOPG surfaces. Although most of the clusters are removed with the drop,
some of them preferentially absorb onto the substrates compared to the inorganic salts as shown by
the AFM measurements presented below. It could be interesting to elucidate this point with more

experiments in the future.

AFM of Ags[0;], NG 15 solution on Au(111). Similarly to the characterisation of Cus[Os],,
AQCs reported in Chapter the order and the dimensions of the Ags[Os],, AQCs NG 15 is studied
using AFM. Milli-Q water solutions of the AQCs are spin-coated for 10s at a speed of 500 RPM
followed by 10's at a speed of 2500 RPM on atomically flat Au(111) prepared as described in Section
Four different concentrations, 0.9, 4.0, 9.6, and 96.8 mgL~! are studied and the results are
shown in Figure [6.7]

Figure shows that Ags|O2], AQCs at a 0.9 mgL~! concentration form lines on the Au(111)
surface, exceeding 100nm in length. The AQCs appear blurred while the gold step edge is not,
suggesting the clusters are diffusing and, hence, are not strongly interacting with each other or the
gold surface. The line profile in Figure [6.7b shows that the clusters are 0.2 nm high.

At a concentration of 4.0mgL~!, the lines are replaced by rectangular islands, ranging from
10 to 60nm in lateral size, as shown in Figure , and 0.25nm high, as shown in Figure [6.7d.
This value is higher than the one measured at a lower concentration, likely because the height in

Figure [6.7¢ is underestimated due to the diffusion of the cluster or the possible disruption caused
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Figure 6.6: Ags[O2],, AQCs NG 14, 15, 21 powders and solution. High-resolution photoemission
spectrum of Ags[Os], AQCs powders NG 14, 15, 21 in the (a) Ag 3d, (b) Ag MNN, (¢) N 1s,
and (d) Si 2p regions. High-resolution photoemission spectrum of Ags[Os], AQCs solutions NG
14, 15, 21 spin-coated on Au(111) in the (e) Ag 3d, (f) Ag MNN, (g) N 1s, and (h) Si 2p regions.
High-resolution photoemission spectrum of Ags[Os], AQCs solutions NG 15 spin-coated on HOPG
and mica in the (i) Ag 3d, (j) Ag MNN, (k) N 1s, and (1) Si 2p regions. Data referenced to C 1s at
285.0eV and C 1s sp? at 284.5eV for HOPG.
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Figure 6.7: High-resolution topographic images of Ags[O2],, NG 15 solutions spin-coated on Au(111)
for 10s at a speed of 500 RPM followed by 10s at a speed of 2500 RPM. (a) High-resolution AFM
topographic images of Ags|Os], NG 15 at a concentration of 0.9mgL~! with (b) line profile and
(c) at a concentration of 4.0 mg L ! with (d) line profile. High-resolution AFM topographic images
of Ags[O2], NG 15 (e) 9.6mgL~! and (f) 96.8 mg L 1.

by the tip to the not densely packed lines. However, the height of 0.25nm is similar to the value
measured for the Cus[Os2], AQCs in Chapter [5| suggesting that the Ags[Os], AQCs could be 2D
on Au(111), and is in good agreement with the value reported for Ags clusters m This result
could be confirmed using NIXSW as shown in Chapter [5] or with qPlus AFM.

At a concentration of 4.0mgL~!, a layer of Ags|Os], AQCs with some holes in it covers the
Au(111) terraces. Finally, at a concentration of 96.8 mg L ™!, several layers of Ags|Os],, AQCs cover
the surface as the features of the gold cannot be clearly distinguished. The AQCs layer, however,
exhibits some holes suggesting that the growth is primed by the formation of the first layer.

In conclusion, the XPS characterisation reveals that spin-coating is a viable strategy to deposit
pure Ags[Os], AQCs from milli-Q solutions as silver atoms are found in the oxidation state Ag™®
upon spin-coating on Au(111) and HOPG surfaces while they are in oxidation state Ag*! in the
powders and on mica. The Ags[Os], NG 15 AQCs, chosen for further characterisation due to the
lowest level of contamination, are found to be 0.25nm high, suggesting they have a 2D structure

on Au(111), like Cus[O2],, AQCs.
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6.4.2 Polymerisation of Br,;TPP on HOPG

To study the catalytic activity of Ags[Os], NG 15 AQCs towards polymerisation of BryTPP on
HOPG, the reaction between the molecules without and with Ags[Os],, are compared, similarly to
what is reported in Section Because of the low sticking coefficient of Ags[Os], AQCs on HOPG,
it is necessary to deposit 7 droplets of the milli-QQ water solution at a concentration of 96.8 mg L~}
on the mica substrate and wait for 1h before the spin-coating process. The TP-XPS results are
shown in Figure [6.8

The first step of the BryTPP polymerisation is the cleavage of the C-Br bond which is monitored
through high-resolution XPS measurements in the Br 3p region shown in Figure [6.8h. In the
absence of clusters (Figure ), the Br 3p double signal is detected at temperatures as high as
300 + 10°C. Figure shows that when both Ags[Os], and BryTPP are present at the same
time, the bromine peaks become progressively less intense until they disappear at 220+ 10°C. The
spectra collected at 30 and 220 °C are shown in Figure [6.8b. These findings point to the C-Br bond
cleavage starting at room temperature and the complete desorption of the halogen atoms at 220 °C,
indicating that the Ags[Os],, are effective catalysts for the debromination of BryTPP molecules on
HOPG. Interestingly, the debromination temperature in the presence of Ags[Os], is higher than
in the presence of Cus[O3],, by 100°C, indicating the silver-based clusters are less reactive than
copper-base ones. This trend is consistent with the experimental and theoretical evidence that
copper is the best catalyst among the noble metals in Ullmann coupling [14}20}29].

The C-C coupling, the final step of BryTPP polymerisation, could not be studied by analysing
the C 1s peak as the signal is dominated by photoemission from the graphite substrate. Conse-
quently, the presence of BryTPP on the surface is checked through the photoemission from the N 1s
core-level of the porphyrin core. The presence of the N 1s peak of BryTPP molecules without and
with clusters provides indirect evidence of the polymerisation of BrsTPP as the polymer should be
thermally stable and desorb at a higher temperature than the individual monomers do. TP-XPS
data of BryTPP molecules on HOPG shown in Figure and discussed above indicate that the
N 1s photoemission spectrum disappears at 310 + 10°C because the molecules desorb from the
surface. TP-XPS data collected in the N 1s region when both molecules and the Ags[Os],, AQCs
are deposited on the HOPG substrate is shown in Figure [6.8c. The nitrogen peak is detected at
temperatures as high as 400 £+ 10 °C, well above the desorption temperature of the monomer, sug-

gesting that the molecules are polymerised. The XPS spectra collected at 30, 220, and 400 °C shown
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in Figure show that the centre of the N 1s peak and the width remains constant during the
on-surface polymerisation with the clusters, suggesting that no damage is occurring to the nitrogen
atoms in the centre of the porphyrins, consistently with the reaction in presence of Cus|[Os],. It
is thus possible to rule out the metalation of the porphyrin core. However, it is not possible to
distinguish subtle changes in the imidic and pyrrolic nitrogen atoms due to the limited resolution
of the data.

To investigate the role of Ags[O2],, AQCs in the BryTPP on-surface polymerisation, the high-
resolution XPS spectrum of Ag 3d core-level is acquired during the reaction, as shown in Figure
@. The position of the doublet remains constant with the Ag 3ds/, and Ag 3ds,, at 374.1eV
and 368.2eV, respectively. The position of the peaks is in good agreement with the Ag*? oxidation
state, as discussed in the characterisation of Ags[O2], powders and solutions. Figure shows no
significant change in the peak below and above the debromination temperature of 220°C. These
findings suggest a weak or negligible interaction between the bromine atoms or the molecules and the
AQCs, consistent with the literature of Ullmann coupling on Ag surfaces where no organometallic
phase is detected [20}|41]. The presence of C-Ag or Br-Ag bonds could be studied with low-
temperature AFM.

The debromination temperature in the presence of Ags[Os], AQCs and the evolution of the
chemical state of the catalysts during the reaction on HOPG is remarkably different from Cus[Os],,
AQCs, suggesting that the choice of the metal comprising the clusters has a strong effect on the

overall activity, offering the possibility of fine-tuning the reaction.

6.4.3 Polymerisation of Br,;TPP on mica

To study the catalytic activity of Ags|O2], NG 15 AQCs towards the on-surface polymerisation
of BryTPP on mica, a bulk insulator, the reaction of the molecules without and with clusters are
compared, following the same procedure described for Cus[Os], AQCs. All the XPS spectra are
referenced to the Al 2p peak at 74.5eV and not to C 1s to retain the possibility of measuring shifts

in the carbon bonding environments.

The first step of the BryTPP polymerisation is the activation of the C-Br bond, which is moni-
tored through high-resolution XPS measurements in the Br 3ps,, region. In the absence of clusters,

the Br 3p3/, signal is detected at temperatures as high as 225+20 °C as shown in Figure @a When
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Figure 6.8: TP-XPS of Ags[O2], NG 15 solution and Bry TPP molecules on HOPG. (a) TP-XPS
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Ags[Os],, are present alongside the Bry TPP molecules, the bromine peak disappears at 200+10°C,
as shown in Figure[6.9b, in agreement with the results on HOPG. Although the debromination tem-
perature on mica in the presence and the absence of Ags[Os],, is similar, the interaction between
Br and Ag atoms discussed below suggests that the clusters are catalysing the C-Br bond cleavage.
The first measurement performed in the Br 3p region (’First data’ in Figure ) shows the Br
doublet with the Br 3p;,, and Br 3ps,, components at 191.5 and 184.0eV, respectively. These
binding energies are compatible with the C-Br bond as reported in the literature [227]. After the
first measurement and before heating, the bromine doublets become broader due to a doublet at
higher binding energies (30 °C’ in Figure[6.9p), associated with the formation of C-Ag bonds [239].
As the two measurements are conducted both at 30 °C, the split is likely to be caused by excess en-
ergy provided by the X-rays during the measurements. This finding indicates that Ags|Os],, AQCS
can probably initiate the debromination already at room temperature on mica. The behaviour of
Ags[O2], AQCs is different from Cus[Os], clusters, where the splitting of the Br 3p peak is not
detected at room temperature, suggesting that the choice of metal could be used to fine-tune chem-
ical reactions. The measurements conducted at 220 and 400 °C show minimal changes suggesting

that the debromination is completed.

It is not possible to monitor the N 1s XPS core-level spectrum of the BryTPP on mica as
it overlaps with a peak from the substrate, as discussed above. However, the C-C coupling of
Br,TPP into a polymer in the presence of AQCs is studied by analysing the C 1s peak as shown in
Figure [6.9c. The peak is detected up to 400 °C, suggesting the molecules remain on the substrate
above the debromination temperature of the monomer in the presence of the catalysts. The C
1s spectra do not undergo a significant change from room temperature to 400°C as shown in
Figure[6.9d. However, the peaks measured before and after the X-ray induced debromination called
'First data’ and '30°C’ respectively, are significantly different from the Bry TPP with Cus[Os];,.
First, the low intensity of the m — 7* shake-up peak at approximately 288.7eV associated with
the aromatic carbon atoms in the phenyl rings suggests that a chemical reaction is taking place.
Second, the centre of the peak, associated with the aromatic ring, shifts from 284.8eV at 30°C
to 284.4eV at 400°C, suggesting a change in the phenyl groups [225|. The small C-Br/C-NH
component at 286.6 eV disappears completely suggesting a further change in the molecular structure
as discussed above, this component could not be univocally assigned to C-Br and C-NH bonds as

the binding energies overlap. The observed change is likely caused by both the debromination
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and the cyclodehydrogenation, as noticed for the reaction with Cus[Os],, AQCs |225.229,233,/234].
These findings suggest that Ags[Os], AQCs, as Cus[Os2], AQCs, can activate the C-H bond, but
the former AQCs are more active than the latter ones as the reaction is activated by the X-rays at

room temperature.

To investigate the role of Ags[Os],, in the Bry TPP on-surface polymerisation, the high-resolution
XPS spectrum of the Ag 3ds,, core-level is acquired during the reaction, as shown in Figure .
The Ag 3d3/, component overlaps with a peak from the background, as shown in Figure @ and
could not be reliably measured. The peak acquired at 30 and 220 °C shown in Figure [6.4f exhibit a
symmetric peak centred at 368.1 eV associated with the Ag*! oxidation state likely due to the inter-
action with the substrate and the bromine atoms. The position of the Ag 3d5/, components differs
from the value reported in Figure [6.6] due to the different peaks used to reference the data. The
peak becomes sharper and shifts from 368.1eV to 367.7eV above the debromination temperature.
This finding suggests that silver transitions to the Ag™? oxidation state, indicating that the clusters
are not interacting with the bromine atoms and the surface. Contrary to Cus[Oz],, AQCs, the shift
of Ag peak to Agt? above the debromination temperature suggests that there are no bonds between
the Ags[Os], ACQs and the brominated molecules as noticed on HOPG. These findings indicate
that are in good agreement with the literature on Ullmann coupling on Ag surface [14120/41] where

no C-Ag bonds are detected using XPS and STM.

In conclusion, Ags[O2],, NG 15 AQCs are found to catalyse the debromination of BryTPP with
complete desorption of the halogen atoms at 220 + 10°C on both HOPG and mica. The catalytic
activity of Ags[Os], is lower than Cu55[0s],, AQCs, suggesting that clusters follow the same trend
reported copper and silver surfaces. The XPS measurements suggest that no stable molecule-cluster
bonds form during the reaction with Ags[Os],, while they are detected when using Cus[Os],,. These
findings are in good agreement with the literature showing no bonds between the silver adatoms
on Ag surfaces and molecules. Finally, Ags[Os],, AQCs were found to be more catalytically active
toward cyclodehydrogenation than Cus; AQCs as the reaction takes place already at 30 °C on mica.
The same reaction occurs around 220°C on Ag(111) [229], Ag(111) [34], and Au(111) [233] surfaces
suggesting that AQCs are exceptionally active towards the C-H bond cleavage.
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6.5 Conclusions and future work

In this chapter, the possibility of using Cus[Os2],, and Ags[Os], AQCs as extrinsic catalysts for
the polymerisation of BryTPP on inert surfaces, HOPG and mica, was explored through AFM
and XPS. While the molecules sooner desorb from the surface before the C-Br bonds activation
without a catalyst, both Cus[Os],, and Ags[O2], AQCs are shown to activate the carbon-halogen
bond of BryTPP molecules at mild temperatures, starting at room temperature up to 150 and
220°C, respectively. The lower debromination temperature in the presence of Cus[O2],, AQCs is
found to be in agreement with the well-known fact that copper is the best catalyst for Ullmann
coupling [14},[29,/232]. However, Ags|Os], clusters appear to initiate the debromination reaction
at a lower temperature on mica due to the additional energy provided by the X-rays. It could be
possible to prevent this phenomenon and measure the precise temperature to initiate the reaction
by cooling the sample to liquid nitrogen temperature, as shown in the literature |53|. Furthermore,
the excellent catalytic activity exhibited by both kinds of AQCs towards debromination could be

exploited to cleave higher-energy bonds, such as C-Cl or C-F, at mild temperatures.

In the presence of both kinds of AQCs, porphyrins remain on the surface at a temperature as
high as 400 °C suggesting that a coupling reaction has occurred between them. The AFM images
show the growth of ordered islands on mica in the presence of Cus[Og],, although the structure of
each individual molecule could not be resolved. XPS data suggests that AQCs catalyse the cyclode-
hydrogenation reaction, which is well documented in the literature [225}229,230]. Cus[O2], and
Ags[Os],, are, thus, suitable to catalyse the activation of C-H bonds that would otherwise require
higher temperatures, providing the opportunity of linking molecules thus far inaccessible to surface
polymerisation on non-metal surfaces. The structure of the polymer and the cyclodehydrogenation
could be further confirmed using qPlus AFM or low-temperature STM to resolve the structure of
the polymer, as shown in the literature [164,[165L[225]. Furthermore, two or more species of clusters
could be spin-coated on the surfaces to target specific parts of the reactions, which is not possible
with noble metal surfaces alone. The results in this chapter suggest that Ags[O2], AQCs can be
used to catalyse the debromination while Cuz[O2],, AQCs could be used to target the C-C coupling,.

Although only Cus[Os], and Ags[O2], AQCs have been used in this thesis, it would be fasci-

nating to explore the parameters space by choosing clusters with a different number of atoms, such
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as Ags or Cug, or with different chemical compositions, such as nickel or platinum. Finally, the
results discussed in this chapter indicate that AQCs open the possibility of extending on-surface
polymerisation to a broader selection of surfaces such as insulators and semiconductors, where the
application of on-surface polymer can be better exploited. The possibility of growing molecular de-
vices on technologically relevant substrates, such as transistors or heterojunctions directly on silicon

wafers or conductive nanowires on insulators such as hexagonal boron nitride, could be explored.



Chapter 7

Conclusions and future work

This work aimed to investigate the properties of monolayer polymers grown on surfaces using two
methods that are remarkably different: the atomically precise on-surface polymerisation catalysed

by AQCs and the somewhat disruptive plasma polymerisation.

In Chapter [4] the widely-held belief that plasma polymerisation is surface-independent and that
plasma polymers are inherently disordered was tested. By comparing the chemical composition and
the morphology of TEMPO plasma polymers grown on SiOs, Au(111), and HOPG, it was demon-
strated that the surface is an essential factor, determining the final results up to a critical film
thickness of approximately 30nm. Beyond that point, the growth becomes surface-independent.
The experiments conducted on HOPG showed for the first time that plasma polymerisation is suit-
able for growing monolayers of liquid organic molecules, that are incompatible with other methods
of thin-film deposition, such as UHV deposition. The comparison between experimental data and
DFT simulations highlighted that TEMPO monolayers on HOPG are ordered, in disagreement with
the usual assumption that plasma polymers are always disordered, and showed that the order in
the films can be controlled through annealing. These results indicate that there is a wealth of
fascinating phenomena happening in the early stages of plasma polymerisation that are available
for further investigation. Although simulations of plasma polymers are scarce as this research area
is mainly driven by the applications, this work highlighted that DFT provides valuable information

to interpret experimental results.

131



132 CHAPTER 7. CONCLUSIONS AND FUTURE WORK

It was demonstrated that the anti-microbial activity of TEMPO plasma polymers deposited
on PTFE against S. epidermidis can be improved by loading TEMPO molecules into the coat-
ing. These preliminary results could be expanded in the future by trying to incorporate more
nitroxide radicals in the plasma polymer itself by increasing the monomer pressure, using pulsed
plasma, or loading more TEMPO molecules into the coating. To aim for the use of TEMPO as an
anti-biofouling coating in catheters and medical implants, the anti-bacterial performances should
be tested against a variety of bacteria and the effects of the plasma polymers on cells should be

explored.

In Chapter the relationship between the catalytic activity and the isomers of Cus[O3],, AQCs
supported by an Au(111) surface was investigated using AFM, XPS, NIXSW, and DFT simulations.
It was experimentally demonstrated for the first time that Cus[O3], AQCs have 2D and 3D isomers
with different catalytic activities. The clusters are found in the 2D structure on Au(111) and become
3D when catalysing the debromination reaction of BryTPP molecules. However, it was not possible
to investigate the next step of the Ullmann coupling of BryTPP, the C-C coupling, due to time
limitations. It would be interesting in the future to understand if the clusters revert to the 2D
isomers after the reaction is completed as XPS data suggest. Furthermore, the presence of oxygen
molecules around the clusters was not directly proved but it could be substantiated through low-

temperature measurements with STM or qPlus AFM.

The results presented in this chapter highlight the viability of NIXSW as a method to study
the structural and chemical properties of AQCs supported by surfaces and the importance of al-

lowing for changes in the structures of the AQCs when simulating their catalytic activity with DFT.

In Chapter@ the use of Cus[O3],, and Ags[O3],, AQCs as extrinsic catalysts for the Ullmann cou-
pling of BrsTPP molecules on inert surfaces was investigated for the first time. It was demonstrated
through AFM and XPS that AQCs can catalyse the on-surface polymerisation of the monomer on
both HOPG and mica. These results are a major step towards extending the Ullmann coupling
from noble metal to technologically relevant surfaces, such as SiOs, as this approach is promising
for the activation of a variety of chemical bonds, such as carbon-halogen and carbon-hydrogen. It
is also possible to deposit two or more species of clusters on a surface at the same time to target

specific parts of the polymerisation reactions, which is impossible when using noble metal surfaces.
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In the future, it would be interesting to grow molecular devices, such as graphene nanoribbons,
directly on SiO4 by catalysing Ullmann coupling with AQCs as the transfer method currently used

results in a low yield of usable nanostructures.



Appendix A

Sheath and ions in plasma

polymerisation

The formation of the sheath around a substrate in contact with plasma and how it affects the
flux of film-forming species are discussed in Section and respectively. In Section the
effect of the monomer pressure on the collisions in the sheath is discussed and the consequences for

functional group retention in plasma polymerisation are highlighted.

A.1 Sheath

When a substrate stands in the plasma, an interface, known as the sheath, develops around it,
drastically changing the physics of the surrounding plasma. The fast-moving electrons impinging
onto the substrate charge it to the floating voltage Vy, lower than the plasma potential V,. In
turn, the surface repels the electrons with lower kinetic energy than the potential barrier, creating
a positively charged region around the substrate. At the same time, the voltage drop converts the
potential energy of the ions into kinetic energy, accelerating them toward the surface. Eventually,

the electron and ion fluxes at the surface, j. and j; respectively, reach equilibrium
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The fluxes read:

1
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is the average velocity of a particle of mass m at temperature T in gas (kp is the Boltzmann

constant).
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The electron density at the surface, n/,, is the bulk electron density reduced by the Boltzmann

weight that accounts for the depletion:

n. =nee  Te | (A.5)

As the bulk plasma is neutral (n. = n;), and the electron density at the surface is known (eq.

1A.5)), eq. reads:
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The potential difference between the surface and the plasma thus reads:

kae miTe
V= Vi== I (m T'> : (A.7)

showing that it depends on the electron temperature.
It is possible to generalise the previous expression to compute the potential in all the points in

space,V (z), assuming that the Boltzmann distribution describes the electron density:

eV (x)

Ne(x) = nee Fole (A.8)

The electrostatic potential generated by a charge density p = e(n; — n.(x)) is computed through
Poisson’s equation:

V2V (z) = 2, (A.9)
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where € is the permittivity of the vacuum. If V(0) < kpT,. the equation has an analytical solution:

|z

V(z) = Vpe b, (A.10)

kBTe€0
Ap = A1l
P V n.e? ( )

However, this assumption might not be realistic. Equation[A-Tshows that the potential decreases

where

is the Debey length.

exponentially from the substrate, becoming negligible after 3-4 Ap, as the ions screen the negative
charge build up. This phenomenon, known as Debey screening, is more effective at high electron

temperatures and low densities.

A.2 TIon flux

At the edge of the sheath, the electron and ion densities are equal but lower than the bulk values.

Indeed, electrons are repelled, while ions spread thin as their speed, v;(x), increases

%

(x) = %mivz(O) —eV(x), (A.12)

where v;(0) is the speed in the bulk. So, there exists a minimum velocity such that the ions and

electrons density is equal. It reads

vg = ’“BTe, (A.13)

m;

and it is known as Bohm velocity [240]. The area where the ions reach the Bohm velocity is the
pre-sheath. It implies that a small electric field penetrates from the sheath into the pre-sheath. The
computation of the Bohm velocity assumes the conservation of energy i.e. there are no collisions
between the ions. It is a reasonable assumption only at low density.
Under the hypothesis that the ions enter the pre-sheath with negligible energy, the ion flux at
the surface reads [120]:
ji = e~ hngy [ 22 Te. (A.14)

m;
It depends on the electron and not the ion temperature. The ratio between the ion flux due to the
electric field in the sheath and the thermal motion, j; is

I \fomet - (A.15)

Jt



A.3. FUNCTIONAL GROUPS RETENTION 137

Assuming that the ions are at room temperature, the surfaces enhance the flux by a factor of
approximately 15 [120]. This result contradicts the assumption that the ion flux is negligible
compared to the radicals because their density in the bulk is lower [126]. In addition, each species
has a different probability of sticking to the surface. An ion sticking probability ranges between
20 and 50% depending on the energy, as they interact with the surface electric field [120]. On the
contrary, radicals and neutrals stick to the surface less than 0.1% of the time [120], further reducing
their contribution to the deposited mass. There has been significant debate about the contribution
of ions or radicals as film-forming species [131]. Short and colleagues have substantiated the role
of the sheath at high pressure by showing that the ion mass flux at the surface, composed of
intact or protonated monomers and dimers, is often sufficient to account for the whole of the mass

flux [124[127-129).

A.3 Functional groups retention

Retention of the moieties of the monomers is necessary to deposit functional coatings. However,
the electrons in the plasma have enough energy to break the monomer bonds, causing damage
to the molecules. Reducing the electron energy is thus the key to highly functionalised coatings.
First, the lower the power provided to the plasma, the lower the energy of the electrons. Second,
increasing the pressure results in a higher rate of collisions between electrons, reducing the average
energy. Furthermore, ions accelerate in the sheath due to the potential difference and convert the
kinetic energy into internal energy when landing on the surface, potentially causing damage to the
molecule (hard-landing). If the voltage provided by the radiofrequency, V;, is much higher than
kB—eTC, the potential difference between the plasma and the surface approaches V;.; that usually ranges
between 5 — 40 V. Reducing kinetic energy gained by the ions in the sheath is the key to retaining
the monomer functional groups. First, decreasing the RF power reduces V.. Second, increasing
the pressure causes the transition from a collisionless to a collisional sheath (a-y transition). The
ion-ion collision drastically reduces the kinetic energy of the ions and thus the fragmentation upon
landing (soft-landing). Figure shows that the energy of TEMPO and protonated TEMPO ions
centred at 30eV at 5Pa, drops to less than 15eV at 25Pa and the distribution centre is at 0eV.

Thus, low power and high pressure are ideal conditions for the deposition of pristine ions [127H129].
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(c) 58 a.m.u. as a function of the pressure when the power provided by the electric field is 5 W.

Picture reproduced from reference |129].
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